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EFFECT OF INDIVIDUAL COATING INGREDIENTS 
ON SURFACE TENSION OF IRON ELECTRODES 


Coating materials found lo reduce the surface tension 


considerably below the value for bare electrode 


BY THOMAS H. HAZLETT AND EARL R. PARKER 


Introduction 
It is well known that are characteristics 
are markedly affected by the composi- 
tion of the electrode coating. However, 
the effects of the individual ingredients, 
while generally understood, are not en- 
tirely clear. In an attempt to isolate 
and study some of the fundamental 
factors which influence are welding 
characteristics and the properties of the 
resulting bead, a fundamental program 
on are welding has been undertaken at 
the University of California. One phase 
of this program has been concerned with 
a study of the effects of some of the 
individual electrode coating ingredients 
upon the surface tension of low-carbon 
steel. It is believed that surface ten- 
sion affects the metal droplet size and 
thus is one factor which has a pro- 
nounced influence upon are character- 
istics 

High-speed motion pictures of weld- 
ing arcs have shown that the metal is 
transferred from the electrode to the 
work primarily as a spray of molten 
metal droplets. Observations that the 
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droplet size varies with different elec- 
trode types and atmospheres is the basis 
for the hypothesis that the surface ten- 
sion is one of the important factors in 
determining the arc characteristics 

It was decided that the surface ten- 
sion should be measured under condi- 
tions that approximated welding condi- 
Two MAJOr 
however 


tions as closely as possible 
differences existed namely 
that the metal was at a much lower 
temperature (just above the melting 
point) in these studies, and that the 
disturbing force of the arc was not pres- 
ent; the droplet forming merely by the 
force of gravity. Even with these dif- 
ferences, the results obtained are con- 
sidered significant. 


Experimental Procedure 

The surface tension was measured by 
the drop geometry method as described 
and utilized by Andreas, Hauser, and 
Tucker! and modified by Davis and 
Bartell.2, The absolute limits of ac- 
curacy of this method are not clearly 
defined for the case of molten metals 
but they appear to be well within a 
range of + 5% if all conditions approach 
ideality 

Most of the experimental results re- 
ported were obtained by melting the 
end of a 4/,-in. diam low-carbon steel 


wire in the apparatus shown schemati- 


TRANSFORMER 


Fig. 1 Schematic cross section of drop 
formation equipment 


cally in Fig. 1. This consists of a 2 in 
diam pyrex tube equipped with a gas 
inlet and outlet at the top and bottom 
to permit the use of controlled atmos- 
pheres, and a single turn RF trans- 
former located in the center. The wire 
under test was heated by means of a 
commercial electronic RF oscillator with 
the primary coil located around the out- 
side of the glass tube Heating was 
concentrated at the end of the wire by 
the geometry of the single turn trans 
former which, in cross section, narrowed 
down to approximately , in. at the 
center \ 
in the central hole of the transformer to 
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the wire from touching the 
transformer core. The wire was held 


prevent 


vertically and centered in the apparatus 


so that a drop could form freely at the 
end 


The wire was prepared by giving it a 


quick dip in nitric acid and a thorough 


rinsing in distilled water It was used 


immediately after drying #o that there 


was virtually no oxidation. In some 


cases the surfaces were protected im- 


ing with a thin film 
of kerosene but it was found that this 
did not alter the surface tension values 


mediately after dr 


obtained 


In addition to the bare wire tests. 


experiments were made with wires 
coated with NaCO,, MgO, 
and AlOs The powders were 
dusted on to the wires after cleaning 
This produced a very fine 
(‘on- 


and oiling 
layer of the ingredient under test 


siderable skill was required to form the 


drop and yet have it cooled at the proper 


moment without running off the end of 
the wire. Only 
drops such as that shown in Fig. 2 were 


uniform symmetrical 


used in obtaining the reported data 


Method of Analysis 

As mentioned previously, the data 
were analyzed by the method of Davis 
and artell 
surface tension is 


Their equation for the 


Ss - p. | De l/h) 
surface tension 
p = cold density difference between 


metal and atmosphere 


Fig. 2. MgO coated rod in helium 
atmosphere 


Hazlett, Parker 


? = hot density difference between 
metal and itmmosphere 


q = density (dynes 
Le diameter of drop at equator 
Ds = diameter of drop at selected 


plane at distance De from 
end of drop 
1/H = funetion of ratio Da/De 

It may be noted that the factors (pe), 
(p) and (g) may be treated as constant 
for any given system. The values of 
(De) and (Da) were obtained by photo- 
graphing the drops, tracing the silhou- 
ette outline, finding the axis of sym- 
metry and measuring the values as indi- 
eated in the sketch of Fig. 3. In all 
cases, a scale was placed in the photo- 
graph so that the magnification is pre- 
known. Values of (1/H) are 
those given by Andreas, Hauser and 


Tucker. 


cisely 


Experimental Results 
Values of surface tension 
mined in this investigation are given in 
Table 1. In general, these are averages 
obtained from four to six individual 
determinations which differed by not 
more than +50 dynes per centimeter. 
Unfortunately, data from other labora- 
tories were not available for comparison 
except the one value for electrolytic iron 
in an atomic hydrogen are. This was 
determined by Davis and Bartell who 
reported 840° dynes per 
This compares favorably with the values 
reported herein for bare rod in atmos- 
pheres of nitrogen, argon and helium, 
Average surface tension values in these 
atmospheres were 829, 820 and 836 dyne 


as deter- 


centimeter 


per centimeter, respectively. 


Analysis of Results 

A study of Table | reveals that the 
surrounding atmosphere may produce 
differences in surface tension of 50° as, 
for example, the rods with TiO, coating 
in nitrogen and in helium. It may also 
be seen that the atmospheres do not 
always affect surface tension. For ex- 
ample, measurements made on FeO, 
coated rods were not materially different 
in the three atmospheres used. It is 


Table | Average Surface Tension 
Values (Dynes per Centimeter) 

Ny A He Au 
SiO, 632 746 539 
TiO, SIS 603 524 
NaCO, 624 196, 579 
Me 533 776 526 
Fe) 55 517 
Aly 578 607 38 

Bare 820 820 S46 724 
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Fig. 3 Geometry of drop. D, = 
diameter at equator; D, diameter 
at selected plane 


also interesting to observe that even 
argon and helium produced quite dif- 
ferent results, although both are con- 
sidered inert gases 

All of the coating materials reduced 
the surface tension considerably below 
the value for bare rod 
that although the surface tension of bare 
rod in the three gases is essentially the 
same, the value obtained in air was sig- 
nificantly lower. Probably the most 
surprising observation was the large in- 
fluence of Al,O, upon the surface ten- 
sion. No explanation for this resu!t is 
available at the present time 

The results reported herein must be 
considered as a progress report only 
Further studies are in progress with 
other materials and with combinations 
of materials. Additional results will 
be forthcoming in the near future 


It may be seen 
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THE PERFORMANCE OF HIGH-STRENGTH 
PRESSURE-VESSEL STEELS 


Sir representative high-strength steels are given extensive mechanical lests 


lo aid in determining their applicability to pressure vessels. 


They are found 


lo compare favorably with the conventional, plain carbon A201 steel 


BY J. H. GROSS AND R. D. STOUT 


FOREWORD 
was sponsored by the Pressure Vessel Re 
search Committee, F. L. Plummer, Chair 
man. The initial program was conceived 
by the Materials Division, PVRC, T. N 
Armstrong, Chairman, and was guided by 
the Subcommittee on Research on High 


Strength Steels, Dr. F. beberle, Chairman 


The report herein contained 


Introduction 


Modern day applications of 
marked in- 


pressure 
vessels have resulted in 
creases in operating pressures. The 
required increase in section thickness 
of conventional plain carbon steel ves- 
sels presents many additional problems 
in the manufacture, forming, welding 
heat treatment and transportation of the 
steel Should the trend continue and 
with the same steels, it is quite possible 
that thicknesses in excess of 12 in 
would be employed. The Pressure 
Vessel Research Committee recognized 
this problem and initiated a twofold 
attack 
improve methods of design with a view 


First, it was to examine and 


toward an increase in allowable desygn 
stresses, and second, it was to investi 
gate the use of steels with strengtl 
considerably in excess of those current! 
employed in pressure vessel construc 
tion. 

Although several steels with tensile 
strengths greater than the 60,000) psi 
typical of A201 have been approved for 
pressure vessel construction, very little 
service information is available and with 
present code restrictions is not likely to 
become available in the near future 
Therefore a program of laboratory test 
ing was undertaken to compare the 
steels to A201 steel 


performance 18 well 


high-strength 

whose service 
known. It was hoped to substitute 
these new laboratory data for long time 
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service experience in order to place the 
higher strength steels into service at an 
early date 

The use of higher strength steels not 


only permits construction ol vessels of 


practs al thicknesses under increased 


operating pressures, but also may per 
mit substantial reduction in’ thickness 
However the 


increased strength of these new steels 


in conventional vessels 
is much greater with respect to yield 
strength than tensile strength. Quenched 
and tempered steels with a tensile 
strength double that of A201 usually 
have a yield strength (0.2% offset) as 
much as three times the A201 yield 
Thus if 
based on yield rather than 


strength design pressure 
could be 
tensile strength it would greatly increase 
the attractiveness of 


steels 


higher strength 


The Experimental Program 

The Materials Division of the Pres 
sure Vessel Research Committee selected 
six steels —two each of 50, 70 and 90 
thousand psi specified yield strength 
for investigation by laboratory tests to 
determine their suitability for pressure 
vessel applications. Similar tests were 
performed on A2O0L for comparative 
Approximately 60 sq ft of 
each steel was obtained as a single plate 
The plate was sub 
squares from which 


purposes 


in l-in. thickne 
divided into 18 in 
the test 
deliberatel 
The laboratory tests were 


pecimens were taken on 4 
indom basis 
designed 
to provide nformation as to the probable 
service performance of the steels in 
pressure vessels Iwo general areas of 
interest were nvestigated First, the 
general mechanical and related proper 
ties of the base plate were compared to 
4201, and second, the effect of 


rations upon these steel 


Various 
fabrication ope 

In i 
developed qualified 
in accordance with Section LX 


separats investigation Bunk 
welding procedures 
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Fig. | Full section tensile properties 
of the high-strength steels 


foiler and Pressure Vessel Code The 


recommended procedures were em- 


ployed throughout this 


| investigation 


Phe possibility of failure due to fa- 
tigue at increased design stresses was 
these in- 
previously 


ilso examined, Results of 
vestigation have been 


reported in detail 


Experimental Results and 
Discussion 
All steels were received and tested in 
the condition recommended for service 
use, The ce 
and’ full section tenmion properties 
of each steel are listed in Table | 


midition, the chemical analy- 


Base Metal Properties 


In order to 
strength and ductility characteristics of 


determine the basi 
the new steels, full section strip tension 
ind standard 0.505-in. tests in duplicate 
The behavior of the 


were performed 


115-8 


‘ 
¥ 455° 
a A 
| 


Table | 
(A) Chemical analysis of steels 
% 
Steel Mn id Si Ni Mo V Cu 
A201 44 0.014 0 030 0.16 
O15 0 03% 0 O28 0.18 0 06 0 06 0 02 0.09 0 009 0.11 
AWw2 0 20 1.42 0 022 0 030 0 25 0 42 
70K 0 16 0 63 0 O12 0 037 0 05 1 47 0 04 0 23 1.02 
70A 0 12 0) 48 0 O13 0 032 0 21 2 16 0 O06 0 39 0 11 0 70 
GOA 0 30 1 49 0 O18 0 020 0.22 0 06 0 12 Yes 
On 015 0% 0 O15 0 022 0 27 0 89 0 48 0 44 0 06 0 0051 


(13) As received-—Condition and Strip Tensile Properties* 


Yield strength Tenaile Elongation Reduction of 
Steel Condition (O.2% Offset), par strength, par (Sin.), % area, % 
A201 Hot rolled 29, 700 54, 800 33.8 65 8 
Normalized 17,300 68, 500 20 8 67.2 
A402 Normalized 52,000 83, 300 22.1 55 8 
708 As rolled and tempered 4 hr at 1100° F 68, 700 84,600 Is] 52.9 
70A Normalized and tempered | hr at 1250° F 76,700 92,800 19 5 64 6 
WA Quenched and tempered 97, 500 115,000 14.8 53 8 
(dues hed and tempered 114,000 124,600 13.9 57.5 
* Tensile properties determined parallel to rolling. 

full section tests at room temperature is 14 140 T T 

shown in Fig. |. The 90A and 90B 

specimens had approximately twice the 

ultimate tensile strength, three times 120) 120) 

the yield strength and half the elonga- on 

tion compared to A201 The yield 

strength increased linearly with tensile 

strength, while elongation decreased a——_20A_ 

with increasing strength. The strength 

increase is certainly desirable since it 

permits substantially increased design 80 708 

stresses particularly on the basis of 5 

vield strength. This presupposes no Fr 708 

dangerous sacrifice in other significant 60 * 60} + t 

properties, The importance of the de- 2 A302 

crease in elongation is not apparent * 

since no minimum values for successful 40 

fabrication and service performance 

have been established. Nor has elonga- x—+-—A20! 

tion been established as a more useful 2 | | 

criterion of ductility than reduction of 200 400 600 800 200 400 600 

area, Which shows relatively little Testing Temp. in degF Testing Temp. in deg F 


change with variation in strength. 
Tensile properties at elevated tem- 
peratures are also important since most 
codes permit service operation to 650° F 
without reduction of room temperature 
design values. The performance of the 
various steels up to 750° F is shown in 
Figs. 2 and 3. The tensile strength 
rises slightly in the range 450 to 650° F 
with a corresponding decrease in duc- 
tility This “blue brittle’ behavior is 
characteristic of most steels. Above 
650° F all of the steels tested showed 
susceptibility to softening and loss of 
ultimate tensile strength. The vield 
strength, in general, decreased continu- 
ously with increasing temperature, At 
750° F the decrease ranged from 14 to 
40°, averaging 21°). With the excep- 
tion of 4885, all of the high-strength 


Fig. 2 Strength characteristics of the high-strength steels at elevated temperatures 


BO 


Reduction of Area in percent 


steels decreased less than the plain car- B00 400 600 BOO 400 BOO BOO 

bon A201, Testing Temperature in deg F Testing Temperature in deg F 
Notch toughness is important in pres- 

sure vessel steels operated at atmos- Fig. 3 Ductility characteristics of the high-strength steels at elevated temperatures 
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Table 2—Notch Toughness Properties of High-Strength Steels Table 3—Results of Lehigh Restraint 
Test 
(A) 15 ft-lb Charpy transition temperature in ° f ” 
Restraint cracking 


Electrode level, in, 
As-received +30 
2 8 


Condition V-notch Keyhole 


Strain aged * +110 7016" 

Single stress relief—1 hr at 1150° F +40 

Quadruple stress relief +35 

24-hr stress relief SO 
iS25HT As-rece ived 55 
20 


7016" 
OOLS 
7016" 
VOLS 
WOLS 
12015" 
VOLS 
12015* 


Strain aged* 
Single stress relief—I hr at 1150° | 
Quadruple stress relief 10 
24-hr stress relief 10 
As-received 
Strain aged * 
Single stress relet 

Quadruple stress reliet 

24-hr stress 

As-received 


Strain wed 


* Qualified electrode 


Single stress rehet lhrat 1100° 1 


Quadruple Stress Reliet 


24-hr stress relief Table 4—Results of Longitudinai-Bead- 
As-received Weld Cracking Test* 


Strain aged * 
Single stress relief—1I hr at 1150° Cracking, 


Quadruple stress reliet , 0 
24-hr stress reliet 0 
As-received 5S 
Strain aged* 
Single stress reliel It 
(ju wruple stress relel 

As-received oon 


Strain aged* 


Single atress rele! lO brat 
* Average ol five specimens 


iadruple stress rele! 


24-hr stress rehel 


B) Kinzel transition temperature i contra i | orwin and magnitude of the phenomenon 


Welded and 

postheated Fabrication Properties 
ded al (Quad Fabrication of pressure vessels nor- 
Electrode preheat nary plast deformation of the stee] 
E7016 bsequent aging at slightly 
cm yom temperature for longer times 
TOA 
GOA 12015 
GOB 12015 


train aging Figure 5 de 
n notch toughness result 
lastic elongation foliowed 
for he ‘The 


tempered steels have only 


* 5% parallel tensile prestrain plus | hr at 5£ 


t Welded at 200° F preheat Postheat « nity to strain aging 


vel strength steels 
equal or greater suscep 
pheric or subatmospheric temperatures ! notch toughne trength steels in 
Table 2 nmariz ill of the notel iit may be seriously impaires 
toughness tests. In Fig. 4 the Charpy ontinued stres leving as noted in previously « atisfactory weld 
V-notch toughness of the high-strength he 4885, 70OA and QO0A steel With the yt j iv reng steels, a8 mens 
steels is compared to xception of 70B f the steels u ured by standar veld qualification 
quen hed and tempered ) ( ling AZOL lost notch toughness upon wcompl hed by proper 
g. Only Aso he if lding techniques, Addi 
ness Tl behavior Kpecter mpro vith ingle stress rele! and formed to establish 
marked! ced ceptibi y of the steels 


tiulal how exceptiol 


since quenched and 
structures general i y su ju reatments veld m ing and underbead 
ire reported in Tables 
restraint tests the 


a comparative 


notch toughness 


uring fabri hy | 
Du ne ibricats ! taj toughne 


sure esseis normal 


poor notel 
more stre \ ver 
il | remained 
noted from the not ough . foet : u iximum specimen width 
nue one effecta have 
Fig. 4 that the high it hicl racking would begin AY)! 


respond «| more to 


ere employed to de 


reported and no explana tke5 and 908 showed no cracking at the 
reliey Only A201 resisted 
m restraint with 
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Fig. 4. The effect of stress relieving on the base metal notch toughness of the 


high-strength steels 


the comparative electrode. Al 
though eracking in the restraint test is 
a complex process, the 
sitivity of the weld metal deposited in 
the high-strength steels is due principally 
to dilution of the weld metal by the 


increased sen- 


Underbead cracking can occur in the 
heated zone when it is hardened by the 
rapid heating and cooling cycle during 
welding. 
cracking since its low hardenability pre- 
vents the formation of brittle constitu- 


A201 exhibited no underbead 


200f 


| 7 


OF 
Too of Coturnn. As Receved 
Notch Toughness 


| Hatched Area-Decreose Notch 
due to 


100} or Aging 


in deg F 


50} WY, 


Transition Temp 


Ft V-notch Charpy 
w 
= 


A201 NG 


| 


Fig. 5 The effect of strain aging on 
the notch toughness of the high- 
strength steels 


| 48s5 
A302 
70B 


150, 


ing. The alloy content of all the high- 
strength steels and high-carbon content 
of A302 and 90A contributed substan 
tially to reduced resistance to underbead 
cracking (See Table 4) 

Adequate notch toughness in a weld- 
ment as well as in the base plate is es- 
sential to satisfactory pressure vessel 
The marked decrease due 
to welding in the notch toughness of 
A201 as well as in the high-strength 


operation, 


alloy base plate ents in sufficient amount to cause crack- steels is depicted in Fig. 6. Preheat is 


“Preheat” specimens welded at 300°F -25 — 
“Welded” specimen welded at 200°F 
200} fj = 
N 
z SOA specimens welded 
| | with 200°F preheat 
€ -150) Ny 
| N N WN 
N N § | 
N 4 100) Vy | 
| NANG | j 
A NaN ZAWYA N | Y | 
INANGN | 0} AY ANY 
B so-N VN AN YN § .| NG Y 
100} } Z Z At 
50. (A201) 48s5| | 708] [70a] [900] [908] 


Fig. 7 The effect of postheating on the welded notch 


Fig. 6 The effect of 
toughness of the high-strength steels 


the high-strength steels 


welding on the notch toughness of 
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commonly used to reduce this effect par- increase Is party 
ticularly in the more hardenable steels estimate ol the 
However no substantial recovery in reased elongat 
notch toughness was noted in any of the loss in yield strer 
stee|s other than 7OB Since 7TOB peratures tia 
showed b far the largest decrease in design stre 
welded notch toughness the benefit operation if desigt 
from preheating represented only pat strengtl 
tial restoration Sat tor 
Welded notch toughness 1s usual) high-strength stec 
improved substantially by postheating Somewhat ente 
Impro ement was not iniiorm ob venerall note 
tained as evidenced in Fig. 7. The trol of the welding 
A201 was not hardened in the weld zone for the high-stre 


and therefore showed no response to 


posthe iting. Those high-strength steels to or better than t 
which were not sensitive to postheating ditions tested Hlow 
embrittlement in the base metal bene ment occurring 
fited substantially from postheating steels when stre 
namely A302 and 70B The rather ! encounteres 
large sensitivity to embrittlement in requires special | 
and 7OA base plate resulted in a 

further loss in the welded notch tough Of the steels in 
ness from stress relieving the greatest pron 


A201, it show 
strength three ft 
ind half the duct 


Conclusions 
In the laboratory tests performed the 


high-strength steels compared favorably factory elevated 
with the conventional, plain carbon behavior; (3) onl 
A201 steel As expected, their strength ency to cracking 
both at room temperature and elevated test 1) substa 


temperatures is considerably greater toughness in 4 


than that of A201 with a correspondingly 
Whereas the strength 


lower elongation embrittlement 


WELDING PROCEDURES 


The Welding Research Council through several of it 
Committees, has been conducting fundamental research 
on the factors affecting weldability fora decade or more 
This basic information has been utilized by industry 
Nevertheless, in many critical applications engineet 
and code-writing bodies are loathe to accept the result 
of this fundamental research work carried out for the 
most part on small specimens under carefully controlled 
laboratory conditions unless such results are checked 
with full scale prototype or actual structure 


Qne of the most controversial ubjyects that ha 


plagued engineers and code-writing bodies is when to 
require “stress relieving.”” Laboratory tests have 
demonstrated the value of thermal stress-reheving 
treatments in improving metallurgical conditions sur 


rounding welded jomts For the most part if has not 


heen possible to se parats the beneficial effeets due to 
reduction of residual stresse from the metallurgical 


improvements. Ordinarily the engineer would not be 


too much concerned as to this differentiation providing 
he could know at all times that uch treatment wa 
beneficial and worthy of the expense involved Phi 
has not been adequately demonstrated and perhap 
cannot be with small specimens. Therefore, a me 


organized research committee under the Welding Re 
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Notch toughmne 


minimum susceptibility to base metal 


Pressure Vessel Steels 


lesirable no The result eported above were ob- 
rability of the «ke tained sole iboratory tests and 
in be mace The there ed ot re luce service con- 
it elevated tem t Ihe e not intended as a 
me reduction It vi omputations llow- 


ited temperature eve eur tion of the service pet 
based on the vield rmance of the high-strength steels 
the ilute onditions ivesti- 
ny procedure fol wats in be & comparison 
e been develope th laborat tests on A2Ol and a 
king tender j kn edige ot the ervice behavior of 
nore irefu A201 
ibles is necessary 
general equal ography 
of in all con edure Quali 
er the embritth 4 j Re 
M., and Stout, R. D 
reheved is not nor j Welded and Ire 
carbon steels and SUPP 
tutions im fabrica J KR. D 
I’re ire Vensel 
j lhid $2 (1) 
iwated, 90B shows a 
(Compared to { l’re Vessel 
42 h Suppl, to 
twice the tensile 
2) « juall itis \ Research Suppl 
temperature tensile i ik. Plastic 
shtly ore: I trength 
greater tend ‘4 i earch Buppl., 
tandard cracking f 
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Superior noteh Ve el Bteels 
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search Council with the general title ol Welding Proce 


dures Committee has undertaken this tash 


It proposes to fabricate and test some 2O rood sized 
proj 

36 in. diam, 5 ft long made 
ire vessel steel A212 Grade B 


Some of these vesse Vill be stre relieved, others will 


pressure essels Lim. thick 


of a commonly used pre 


not In both condition cornu vill have notches and 


others not A preliminary program on small scale tests 


made of steel from the ime heat it hoped will aid the 


Committee in carefully selecting temperatures where 
conditions will be ertical llowever, itt proposed to 
use a range ol temperature iving trom 1° to 
room temperature Later on, the effects of preheating 


tudied, In 


in this program and 


and a number of other condition il) bye 
dustry ill be mvited to coopera 
assist in its financing The Committee will select a 
uitable fabricator and testing laboratory to carry out 
its wort 


Some of the other conditions that will be investigated 


by the Committee within the next f ears Will include 
effects of porosity and the best procedures for welding a 
number of low-alloy steels for low, intermediate and 


high temperature service 
Anyone should 
municate with W Welding Re 


search Council, 20 W. 39th St New York 18, N. Y 


interested in these program 


Spraragen Director 
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V NOTCH CHARPY IMPACT TESTING 
OF WELD METAL AND HEAT-AFFECTED 
ZONE SIMULTANEOUSLY 


Composite test provides, at least in part, a method 


for evaluating the relative notch-loughness characteristics of weld metal 


and heat-affected base metal in a natural environment 


BY WILLIAM P. HATCH, JR., AND CARL E. HARTBOWER 


SUMMARY. ‘This paper introduces a method 
for evaluating simultaneously the notch 
toughness of weld metal and heat-affected 
base metalin a multiple bead-on-plate weld 
using the standard V notch Charpy impact 
specimen. The test specimen was ma 
hined from the bead-on-plate weldment 
in such a way that the cross section under 
the notch, which the fracture traversed, 
consisted of equal areas of weld metal and 
heat-affected base metal Such speci 
mens taken from a single weldment were 
tested over a range of temperature en 
compassing the duetile-to-brittle trans 
tion 

The plots of impact energy versus test 


ing temperature obtained with this speci 
men provided an integration of the notch 
toughness of the weld metal and heat 
affected structures The 
relative noteh toughness of weld metal 
and heat-aflected base metal was de 


metal 


termined by a comparison between the 
energy transition curves obtained 
with the cotnposite specimen and those 
obtained with an all weld-metal speci 
men If the composite-specimen transi 
tion curve wae located at a higher tem 
perature than that of the all-weld metal, 
the heat-affected base metal was indicated 
to be more notch sensitive than the de 
posited weld metal 

Because of the simple relationship that 
existe between lateral deformation and 
energy absorbed in fracturing the test 
specimen, it was possible to substitute 
lateral deformation for energy im plotting 
transition curves. Separate measurements 
of lateral deformation in weld metal and 
heat-affected base metal provided two 
distinet transition curves from a single 
set of test specimens The transition 
curves obtained indicated the relative 
notch toughness of the weld metal and 
heat-affected base metal structures 


Introduction 

In metal-are welding, the heat of the 
are is used to melt the base metal and 
at the same time melt the electrode to 
provide filler for the weld joint. Since 
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the heat required to obtain fusion be- 
tween the weld and base metals is ap- 
plied by the are in a highly localized 
area, the flow of heat to the surrounding 
base metal occurs as a complex thermal 
eycle involving rapid rates of heating 
and peaks of temperature and cooling 
rates depending upon location in’ the 
heat-affected zone. Thus, the heat- 
affected zone consists of a steep gradient 
of metallurgical structures and at- 
tendant mechanical properties 

For as many vears as fusion welding 
has been in practice, welding engineers 
have been confronted with the problem 
of evaluating the properties of a weld 
joint. Welding researchers have sought 
suitable test methods for evaluating the 
mechanical properties of weld joints as a 
whole and of their separate components, 
i.e., deposited weld metal and heat- 
affected zone As a result of these 
studies, some investigators have con- 
cluded that the heat-affected base 
metal is a controlling factor in de- 
termining the performance of a weld 
joint; others have concluded that the de- 
Never- 


theless, most investigators agree on the 


posited weld metal dominates 


basis of the present state of knowledge 
with respect to fracture initiation and 
propagation, that notch toughness is 
a highly desirable characteristic in 
both weld metal and the surrounding 
heat-affected base metal 

In spite of the many indications in 
welding research that notch toughness 
of the weld heat-affected zone should 
be one of the prime considerations in 
evaluating weldability, insufficient at- 
tention has been given to this problem 
because of the difficulties of evaluation 
Many investigators have attempted to 
single out the most notch-sensitive 
structure of a weld heat-affected zone 
by locating the apex of a notch in a par- 
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ticular microstructure. There are two 
major difficulties involved in such an 
approach. The first arises from the 
practical problem of accurately and re 
locating the 
single predetermined structure within 
the steep gradient of the heat-affeeted 
zone. The second arises from the fact 


producibly notch in a 


that fracture, once initiated, traverses 
a gradient of structures involving vari- 
able resistance to crack propagation 

Another method of attack has been 
the reproduction, by controlled heat 
treatment of test specimens, of tmuicro- 
structures simulating those found in 
weld heat-affected zones. A synthetic- 
specimen technique which appears to be 
the most successful yet found for evalu- 
ating the notch toughness of a specific 
heat-affected zone structure is that de- 
veloped at Rensselaer Polytechnic In- 
stitute.* By this technique the therma 
cycle associated with the microstructure 
at any desired location in a weld heat- 
affected zone is reproduced in a Charpy 
blank. Several series of V notch Charp, 
impact specimens, each series contain- 
ing a single heat-affected zone structure, 
are tested in impact over a range of tem 
perature in order to obtain conventional! 
impact-transition curves for each par 
ticular microstructure under 
This approach has the dis- 


invest 
gation 
advantages of requiring special equip- 
ment to reproduce the weld thermal! 
cycles and a large number of test spe 
mens to establish the transition curves 
for the many structures of the weld heat 
affected zone. Also, there is the pos- 
sible criticism that testing a single 
structure of uniform cross section Is an 
over simplified situation: i.e., adjacent 
structures of different strengths, duc- 
* Nippes, E. F., and Savage, W. F.. “Devel 
opment of Specimen Simulating Weld Heat 


Affected Zones Tue Joveunar, 28 
11 Research Suppl., 534-« to 546-« (1049 
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Table |---Welding Details 


I pa Second pa 
Base Electrode Preheat Electrode Interpa hele ote 
metal cla lemp ize, wn Volts lemp / Volts 
\ 200 ISO y ISO 33” 
B L-307 150 200) ' 70t 
* Motor generator power source, closed-circuit voltage 
t Rectifier power source, open-circuit voltage 
tility and toughness are not present to with the weld joint area at 200° | » the surface of the test plate. Charpy 
exert their influence on the behavior of nterpass temperature No preheat pecimens were machined transversely 
the structure under investigation vas used in the second senes of weld to the weld, with the noteh centered 
It is the purpose of this paper to ments. Thus, for all practical purposes on the weld and perpendicular to the 
present a method using the standard the only difference in welding procedure pint intace [hye pecimens were so 
V notch ¢ harpy impact specimen for between the several weldments was the ocated with respect to the weld de 
evaluating simultaneous! the notch temperature of the base metal in de posit that the path of fracture traversed 
toughness of weld metal and heat positing the first pass and the kind of equal portions of weld metal and heat 
affected base metal in a multiple bead electrode used Prior to welding, all iffected buse meta e., the cross sec 
on-plite weld electrodes were baked in an oven for tion inch the notch consisted ol 
Experimental Procedure 2 hr at 450° | to minimize the moisture ipproximate! one-half weld metal 
: ontent in the electrode coating ind one-half heat-affected base metal 
Materials Th P Phu ll components of the weld joint 
Two alloy steel base metals were used Vest Specimen were injected multaneously to the 
in this investigation Phe chemical Standard ASTAL V notched Chat triaxial stre tate occurring under the 
analyses of these steels follr Impact specimens were sectioned from tandard Charpy V notch. With this 
; orientation of notch relative to test 
Sleel ( Mn Si P Ni Cr Mo 4 BHN ection under the 
\ 046 070 024 0018 0020 015 1.13 067 0 26 $3 hoteh had a uniform microstructure at 
B 025 158 016 0013 0 021 0 45 4) ts intersection ith any plane per 
pendicular to the noteh, On the weld 
Steel 1 contained an undetermined each weldment as shown in Fig. | metu de of the test specimen, all 
amount of boron Both steels were The test weldment consisted of a mul plane ere of the same microstructure 
welded in the quenched-and-tempered tiple (2-pass) bead-on-plate weld ce on the heat-affeeted zone side, the planes 
condition Steel A had been heat posit in a longitudinal groove machined ver i different each representing 
treated under carefully controlled con 
ditions to obtain a 100°) tempered 
x 
martensitic structure vith an ae 
ceptable level of notch toughness at | 
temperatures low as Steel 
B had been used in an extensive re 250° 


search program conducted under Ord a 
dustrial test facilitv.* The latter ma 


terial was obtained from a large produc i275” 


tion heat which was representative o 


its composition type a i quenched ! a 


and tempered alle tee 


The eleetrodes used in this investiga —$ 


ferritic and austenitic types current! ti T 


employed the velding of tigl - 


stre neth stee! 


Welding Procedure t 


«030° 
0030 = 020 0.16"R 
The details of welding procedure ar 
presented in Table | All welds wer ! / f LV 
made manually in a flat position using V// . 
d-c reverse-polarity. The first series a 
ol weldn ents was pre pared using a 200) / 
F preheat for the first pass. The second = os 
pass in all weldments Vas ce posited 1.25 
SECTION A 

1132, Batted Memorial Inet Fig. | The test plate and orientation of test specimen 
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0 40 80 120 160 


Fig. 2. Transition curves for base metal A, E12015 weld metal and the composite 


weld joint 


one of the gamut of different micro- 
structures oecurring in the weld heat- 
affected gone. 


Discussion of Results 
Tests and Measurements 

The composite specimens were broken 
in @ standard impact-testing machine 
over a range of temperature encom- 
passing the transition from duetile 
to brittle behavior. The data from 
preliminary tests using base metal 
A welded with an E12015-type elee- 
trode were plotted in Fig. 2 in the usual 
manner for determining the impact- 
energy transition curve. Also shown on 
lig. 2 are the transition curves for de- 
posited 1512015 weld metal and the un- 
welded base material as determined 
separately, Both the weld metal and 
base metal are shown to have lower 


PLAN VIEW 


transition temperatures than the com- 
posite structure. The higher transition 
temperature for the composite specimen 
was taken to indicate that 
structure in the weld joint was em- 
brittled., 

At this point, the meaning and meas- 
urement of transition criteria for the 
composite specimen require discussion. 
The transition curve for the composite 
specimen represents an integration of 
the toughness of the deposited weld 
metal and the toughness of the gamut 
of structures contained in the heat- 
affected zone. Thus, in Fig. 2 the posi- 
tion of the composite transition curve 


some 


relative to the positions of the transition 
curves for unwelded base metal and 
all-weld metal indicates that the notch 
toughness of the weld joint was in- 
fluenced by some structure which was 


FRACTURED VIEW 


Fig. 3 Lateral expansion. Schematic shows different amounts of lateral defor- 
mation (expansion and contraction) occurring in the weld metal and heat-affected 


base metal sides of a fractured V notch Charpy impact specimen. 


The undeformed 


sides of the test specimen are used for reference in setting the cross hair of a com- 
parator used in measuring the deformation; the cross hair is then moved by means 
of a calibrated slide to determine the maximum expansion (see dimension lines for 


dw, and dw.,). 
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more notch sensitive than either the de- 
posited weld metal or the base meta! 


In other words, it is assumed that the 
displacement of the composite transi- 
tion curve is the result of notch sensi- 
tivity in one or more of the structures 
of the weld heat-affected zone 

Since the plot of impact energy versus 
testing temperature obtained with the 
composite specimen provided an in- 
tegration of the notch toughness of the 
various components of the weld joint, 
it was apparent that the usefulness 
of the test would be greatly increased 
if some method could be found to de- 
termine the structure in which fracture 
was initiated and the extent to which 
the two major components (weld meta! 
and heat-affected base metal) resisted 
crack propagation. Patterns occurring 
in the fracture face of the Charpy test 
specimens (the herringbone) indicated 
that the site of first separation could 
be determined. Measurement of latera! 
deformation (expansion or contraction) 
in each side of the composite test speci- 
men provided a method for separately 
determining resistance to crack propa- 
gation in the weld metal and heat- 
affected base metal. 

For pearlitic steels it has been shown * 
that «a simple linear relationship ex- 
ists between lateral deformation and the 
energy expended in fracturing the 
Charpy specimen. In quenched and 
tempered steel, the relationship may 
not be iinear but, nevertheless, a simple 
relationship does exist which permits 
substitution of lateral deformation for 
energy in plotting transition curves 
In that the cross section under the 
notch in the composite specimen con- 
sists of one-half weld metal and one- 
half heat-affected base metal, the de- 
formation occurring in the two sides 
of a given test specimen is not the same 
In fact, at certain testing temperatures 
the difference in lateral deformation 
between the two sides is so pronounced 
as to be plainly visible on casual ob- 
servation. This suggested that sepa- 
rate measurements of lateral deforma- 
tion occurring at either side of the 
composite test specimen might provide 
information as to the relative ductility 
of the two major components of the 
weld joint, namely, the weld metal and 
the heat-affected base metal. 

Measurement of lateral deformation 
was accomplished easily with an optical 
comparator. The measurements were 
made on each half of the broken speci- 
men by lining up the cross-hair of the 
comparator with the profile (30 x 
magnification) of the undeformed back 
of the specimen and, then, by moving 
the calibrated cross slide wntil the cross 
hair was tangent to the point of maxi- 


* Harthower, ¢ Poisson Effect in the 
Charpy Test’’ presented at the 57th Annual Meet- 
ing of ASTM: scheduled for Publication in the 
Proceedings, Vol. 54, 1954 
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mum lateral expansion, deformation represent the results of tests conducted re obtained from five 
was measured to the nearest ten at much lower temperatures than in weldn ny ne £120, £100 and 
thousandth of an inch (see Fig. 3 the case of ferritic welds At thes lectro prepared both with and 
Thus, separate measurements of lateral lower temperatures, the heat-affected “ V1 y it of the first weld pass; 
expansion in the weld m | and heat base metal had lost much of its ductilit id th usteniti itu were obtained 
affected base meta! ‘ of the speci- as shown inthe tllustration Che fron wo weld! one with and one 
mens made it possi! 0 plot two dis 
tinct transition curve i single 
set of test specimens .060 > < 

In connection with the plots of lateral ) AUSTENITIC 


deformation versus testing temperature FERRITIC 


study was made of the relationship 
hetween energy expended in fracturing 
040 


the composite test specimen lnteral | 


expansion occurring across the entire 
width of specimen (total deformation | 


and lateral expansion occurring in either 


side of the test specimen (partial ce 
formation When total lateral de 
formation was measured, the ductili 
ties of the weld metal and heat-affected 


base metal were integrated when 
partial |ateral deformation was meas 
ured on each side of the specimen, one 
of the measurements indicated the 
ductility of weld metal and the other 


provided an integration of the ductili 
ties of the heat-affected base metal 
structures The relationship between 
total lateral deformation and impact 
energy for the composite V_ notch 


LATERAL DEFORMATION (IN) 


Charpy impact specimen with the 
austenitic or ferritic welds in Steel B 
is shown in the upper block of Fig. 4 
This figure indicates that in the case 
of the ferritic welds «a relationship 


similar to that found in pearlitic stee! 
exists, but the slope of the line is less 
heeause of the higher flow strength 
of the heat-affected zone structures in 
the alloy base metal In other words 
alloy steel requires a greater amount of a 
energy (work) to produce an equivalent J ‘TO. 15 30 35 40 
amount of plasty deformation IMPACT ENERGY (FT - LB) 


compared to pearlitic steel Not 


that the specimens welded with aus Fig. 4 The relationship between lateral deformation and impact energy 


tenitic electrode showed appreciably 


greater total deformation than those 
welded with ferritic electrode at a 
given fracture-energy level This dif 
ference is attributed to the markedl 
greater ductility of the deposited aus 
tenitic weld metal. The lower block of 
Fig. 4 in’ceates a similar relationship 
for the partial deformation occurring 
in the heat-affected base-metal half of 
the composite specimen. Note that in 
the case of the heat-affected base metal! 
of austenitic welds, it is indicated that 
appreciably less plastic deformation 1s 
produced it a given energy level is 
compared to that of ferritie welds 
This is explained by the fact that aus 
tenitic weld metal does not undergo 
the usual transition from ductile to 
brittle fracture that occurs in the case 
of ferritic weld metal; even at tem- 
peratures as low as 196° © ius 


degree ol toughness Thus, in the lower TEMPERATURE *¢ Ral 
portion of Fig. 4, at a given energ Fig. 5 Transition curves for base metal B, various weld metals and composite 


level the data for the austenitic welds joints welded with 200° F preheat 
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without preheat of the first weld pass 


Test Results 

In connection with the discussion of 
text results 
invited to the fact that the performance 
the 


necessaril 


further on, attention is 


indicated by composite specimen 


in not indicative of over-all 


performance in an actual weld joint 


The 


volves numerous factors such as joint 


performance of a weldment in 


geometry, mechanical notches and load 
and 
cannot be 
test 


oceurs by 


residual stress conditions which 


reproduced in a laborator 


specimen. Failure in a weld joint 


stress 


fracture initiation at 
(me- 
noteh 


by (2) 


pointe of concentration 


chanical) and points of high 
and 
propagation in the structure 
Although the path 


of fracture propagation is predetermined 


sensitivity (metallurgical) 
fracture 


of least toughness 


by the orientation of V notch in the com- 
posite specimen, the site of first separa 
tion (fracture will 
in the most notch sensitive of the weld 
and heat-affected base metal structures 
the 
(see Pig. 11), it is possible to determine 
the initiating 
cause all of the structures just below 
the apex ol the V notch (except those 


mitiation) oceur 


by means of low-blow technique 


structure fracture be- 


in the areas immediately adjacent to 
the free surfaces) are subjected to es- 


sentially the same triaxial stress field 


The 
ture 
men in 
Impact-energy 
rately determined for the base metal and 
similar AWS types of weld metals are 
also included in Pig. 5 to indicate their 


inipact-energy testing-tempera 
curves for the 
Steel B are 


transition 


composite spect 
shown in Fig. 5 


CUrVes 


relative positions with respect to the 
composite test curves 
relative 


eurves 


composite 


A comparison between 
positions of the 
and the base-metal curves with respect 
to the temperature axis was taken to 
indicate the combined toughness of the 
weld metal and  heat-affected 
metal relative to that of the unwelded 


base 


base metal, In rating the various welds 
on this the L307 
was indicated to be superior, the fer- 
ritic classes F100 and [120 about equal, 
and the Class 8:90 weld inferior to the 
The 
parative obtained 
the composite tests confirm 
the general findings of past Ordnance 


basis nustenitic 


base-metal performance com- 


weld ratings from 


specimen 


research 

The relative the 
metal and composite transition curves 
of Fig. 5 was taken as an indication of 
the relative notch toughness of the two 
major the weld. For 
example, in the case of the EL307 
weld, the composite curve being to the 
right of the austenitic weld-metal curve 
was taken as an indication that the heat- 
affected metal notch 
sensitive the and 


position of weld 


components ol 


Was more 


metal 


Duse 


than weld 
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in the case of the £90 weld 
being left of the 


conversely, 
the composite curve 
weld-metal curve was taken as an indi- 
that the heat-affected 
metal was tougher than the weld metal 
Measurement of the 
tion oecurring at the two sides of the 
testify to the 
validity of these observations 


cation base 


lateral deforma- 


composite specimen 


Separate measurements of lateral 
deformation occurring in the sides of the 
test specimen made it possible to plot 
two distinct transition from 4 
test Thus, 
the two curves in each block of Fig. 6 
obtained from the 
of test specimens which provided the 
data plotted in Fig. 5. Figure 6 shows 
the performance of the 


weld deposits ranging from the very 


curves 


single set of specimens 


were Sanie Series 


Variations in 


superior austenitic EL307 weld metal 
to the markedly more notch-sensitive 
£90 ferritie weld Note 
that in spite of the wide variations in 
weld-metal toughness, the heat-affected 


Class metal. 


base metal curves remained essentially 
constant. 

A second group of plates (Table | 
was welded using a procedure identical 
to that used for the previous group ex 
cept that preheat of the first pass was 
eliminated. In both groups, an inter- 
pass temperature of 200° F was main- 
tained. 
tests are presented in Fig. 7 
the Fig. 7 
higher impact-energy level, i.e 
crack propagation, 
preheating Figure 8 


The results obtained in these 
In genera! 

that «a 
, greater 


curves of indicate 


resistance to was 
obtained by 
presents the curves of lateral deforma- 


i 


40 a 
TESTING TEMPERATURE 


40 40 40 
TESTING TEMPERATURE 


Transition curves based on lateral deformation (200° F preheat) 


PREMEAT 


TEMPERATURE 


TESTO 


° 
*c 


Fig. 7 Transition curves for composite joints welded without preheat 
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Fig. 9 Comparison of transition curves based on lateral 
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piceral etchant, the heat-affected area 
of the preheated specimen appeared 
slightly darker than the corresponding 
iren of the nonpreheated specimen 


Phe only difference visible in the micre 


ture 1 ition of & L000 
ittle greater precipitation ol 
irbides in the heat-affeeted zone of the 
reheated specimen The inereased 
precipitation of carbides is undoubtedly 
issociated witl ower cooling rates 
etlected | eheating 
Phe curves of Fig. 9 indicated that 
regardle of the relative notch tough- 
me of the weld metals, a single tran- 
tion curve heat-uffected base 
eta is obtained for a given plate 
composition ine velding procedure, 
Hloweve in anomaly appeared in 
thie ise of weld woduced with E70 
type electrode Due lateral deforma 
tion occurring in the heat-affeeted base 
net nye ney three 1:70 type weld 
ent two ture! brands in 
ext te elded without prehe 
it tha 212” F interpa temperature 
ire presented in iv. 10 The broken- 
inyve ile throw ig 
Thee ita fe ill three weldments 


prepared without preheat fall on the 
for preheates ent-uffected base 
netal of the £120, E100, 890 and L307 


diment The explanation for this 


inom has to date not been found 


Future Work 


As a continuation of this investiga 
tion med at a e thorough evalu 
ition the mechan of flow and 
iracture un the oniposite test speci- 
men i method proposed which 
prol ‘ to make the composite test 
ore usefu Phe method consists 

the low blow” 


testing procedure leseribed by Harris 


Rinebolt and Raring.* Thy procedure 
ol «te ering t low blow by 

j j ng, 

Charny Teat 
| 0 Suppl 
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heat-affected base metal of E7016 welds without preheat 
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much pm without preheat, and erature over hich the transition o« 4 
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e, have differences which 
empera higher impact leve 
ed later velds It w notes 
thi hig It) Figure heated ina nonpre 
for all practical pur were etched together using a 4% $17 nae 
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Fig. 11 Crack initiation and propagation as obtained by low-blow technique 


releasing the pendulum of a standard 
impact-testing from eal- 
culated height. After 
the specimen is struck the low blow, 
India ink containing a wetting agent 
is placed in the notch; the ink flows by 
capillary action into any crack that may 
have occurred as a result of the blow, 
The specimen is then fractured at the 
same testing temperature using the full 
capacity of the impact-testing machine. 
The location and extent of the initiated 
erack developed by the low blow is indi- 
cated by the stain on the fracture sur- 
face. A series of such tests conducted 
over a range of temperature promises 
to provide valuable information on the 
process of fracture initiation and propa- 
gation in the composite specimen. An 
attempt will be made to correlate such 


machine 
intermediate 


D'O 
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results with the  lateral-deformation 
curves obtained from the composite 
test. 

Some very interesting results have 
been obtained from the initial ex- 
periments using this procedure. Figure 
11 shows the results of a series of com- 
posite specimens delivered 10, 15 and 
20 ft-lb blows at room temperature, 
then stained with India ink, and fraec- 
ture completed at room temperature. 
The specimens consisted of an E100- 
type weld deposit in a base metal 
similar in composition to Steel B. The 
lateral-deformation curves 
for weld metal and heat-affected base 
metal are shown schematically with 
the fracture surfaces. Note from the 
transition curves that at 
perature there is a considerable dif- 


transition 


room tem- 
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ference between the ductilities of weld 
metal and heat-affected base metal! 
and that, from the fractured specimens 
tested at temperature, crack 
initiation and propagation occurred 
in a narrow band within the heat- 
affected zone. The structures contigu- 
ous to the band in which fracture initiated 
retained their ability to resist fracture in 
the presence of the propagating crack. 
Note also from the curve that at a testing 
temperature of —60° C both weld metal 
and heat-affected zone had nearly the 
same ductility. When a test specimen 
was delivered a crack-initiating blow 
of 10 ft-lb at —60° C, fracture pro- 
gressed a considerable distance across 
the test specimen with an essentially 
front although still slightly 
leading in the more notch-sensitive band 
of heat-affected zone. In other words, 
the leading front of the fracture oc- 
curred in the heat-affected zone in the 
same location as in the 
perature test but the fracture extended 
across the weld metal as well as the heat- 
affected zone. Thus, it was indicated 
that at —60° C the weld metal had 
little ability to resist the propagating 
crack. 

The low-blow technique as de- 
scribed above will occupy a position of 
considerable importance in the con- 
tinuing investigation of the composite 
specimen test. 


room 


square 


room-tem- 


Conclusions 

The composite test is sensitive to 
variations in weld metal and heat- 
affected zone toughness, and to a seem- 
ingly minor variation in welding pro- 
cedure. Therefore, the test provides, 
at least in part, a method for evaluating 
the relative notch-toughness 
teristics of weld metal and heat-affected 
base metal in a natural environment 


charac- 
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OPTIMUM SPOT AND SEAM WELDING 
CONDITIONS FOR INCONEL “W” 


Results of research investigation indicate that the 


oplimum conditions for spol and seam welding Inconel VV 


are much the same as those for Inconel \ 


BY ERNEST F. NIPPES, WARREN F. SAVAGE, AND KHOSROW L. MOAZED 


ABSTRACT. This research defines re« Introduction 2 Less than 10° separation of the 
ommended conditions for apot and seam heets welded 
welding Inconel sheets of 0.010 


Since 1939 there has been sponsored 


0.015-, 0.021-, 0.031- and 0.062-in. thiecl a program of research at the Welding 3. Less than 59% electrode indenta- 
The RW MA eriteria for spot and Laboratory of Rensselaer Polytechnic tion into the sheet 

seam welding in conjunction with the Institute for the determination of weld !. Fusion-zone penetration of 30 
ing conditions for high-nickel alloys of the total thickness of 
this determination \ comparison of the The research re ported in’ this paper is the sheets 

spot and seam welding conditions for In the latest addition to the compilation 5 Fusion-zone overlap of 10-256 0 
of information which includes the spot tight seam welds 
high-nickel alloys. The stre tiv Race and seam-welding conditions for In 6 A wide and reproducible current 
relationships are shown and discussed for conel “X,’"! the seam welding of Monel ste 

spot and seam welds made at the optimum the seam welding of Monel metal to Material 

conditions The relationship ol inter steel.4 and the spot welding of nickel Che material used in this investiga- 


dependent welding variables is pointed 


out, and an outlined procedure for this Monel and Inconel.‘ tion was Inconel “W” strips cut from 
type of investigation is presented. The Jecuuse of the sunilarity of the chem heets with thicknesses of 0.010-,0.015-, 
seal and han properties ol In O.021-0.041 and 0O.0602-in The sheets 
“W" are much the same as those previ conel “W'" with those of Inconel “X were supplied cold rolled to size and 
ously determined for Inconel “X equipment, instrumentation, testing and olution treated to obtain the = soft- 
- procedure were designed to parallel the tempered condition lables 1 and 2 
Object and Scope investigation of Inconel ‘X list, respective the chemical analyses 
rhe research reported in this paper was Careful comparative analyses were und mechanical properties of Inconel 
instituted to investigate the spot- and made between Inconel ““X”’ and Inconel W’ and Inconel “X.” 
seam-welding conditions for Inconel W” and the differences defined were ; 
“W.”’ The investigation was limited to interpreted toward tl tahlishing of Equipment 
ward ¢ mig ol 
include five thicknesses of Inconel ‘““W welding conditions for Inconel “W.” Phe electrical energy was produced by 
ranging from 0.010-to 0.062-in A com The reccenmendations of the Haslet using a 125-hp, 550-k va motor-generator 
parative analysis was to be made of the ince Welding Manufacturers A wc et operating from a 3-phase, 60-cyele, 
results of this investigation of Inconel ciation as presented in the Resistance 11H0-v line The generator output was 
. “W" and those previously determined Welding Manual* were considered as vijustable in the range of 275 to 550 
in this laboratory for Inconel “X.” preliminary criteria for acceptable weld olt On-time off-time’’ sequences 
The RW MA recommende of to 3O cycles were available as well 
Ernest F. Nippes, Warren F. Savage, and Khos is phase control and slope control; the 
A fusion zone which is porosity lope control was not used in this in- 
Polytechnic Institute, T N.Y free and contains no cracks estigation, since acceptable welds could 


Table 1|—Chemical Analysis of Inconel and Inconel "'X 


Chemical analysis of Iconel “W 


Yoo7iW 0.03 0 56 6 48 0 007 1% 0 74 14. 0 7) 240 
Y6530W 0 OO7 0 09 2 5! 


Velt 


Chemical analysis of Inconel “X 
Y3576X 0.05 0 54 6.75 0 007 0 4! 0.03 73.59 14.35 ‘) 7s 2 43 1 04 
Y3400X% 0 04 0 40 6.17 0 007 0 41 0 01 74.3 14.39 0 71 2 48 1 Ol 
Y3402X 0 04 0 42 58 0 007 41 0 02 73 46 14.89 0 2 1 00 
Y3401X 0 04 0 4) 6 42 0 007 0.33 0 01 73.78 14.72 ou 2 45 1 05 
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Table 2—Mechanical Properties of Inconel "W" and Inconel "X" 


Yield 
strength, 


Gage, in, Melt pa 


Tensile 
strength, Hardness 
pat Elongation, % Rb 


Mechanical properties of Inconel “W"’ 


O10 Y6530W 
Y6530W 
021 Y6530W 
O62 Yoou7iw 


41,000 
40,000 
11,000 
38,000 
13,000 


09 500 32 82 
102,500 36 76 
107 ,000 17 7 
104,000 

109,000 52 


Mechanical properties of Inconel “X"’ 


O10 Y4576X 
OS Y3576X 
O21 Y3400% 
O51 Y¥3402X 
YS401X 


54,000 
54,400 
18, 200 
15,000 
64,100 


128,700 48 
127 ,000 45 
108, 800 7 
109, 100 61 
126,000 52 


be made without its utilization. The 
secondary current was varied by chang- 
ing the primary voltage, the transformer 
tap setting, or the phase control setting 

A 200-kva press-type spot welder with 
a maximum eleetrode foree of 5000 Ib 
was used for the spot welding part of 
this investigation. Three transformer 
tap settings were available with this 
spot welder, giving transformer ratios 
of 86:1, 72: land 

A 175-kva seam welder having a maxi- 
mum electrode force of 4000 Ib was used 
for the 
investigation 


seam-welding portion of this 

The seam welder had a 
ratio of SO7T:1 and feed 
speeds ranging from 5 to 200 ipm 


Instrumentation 


Two main types of instrumentation 


translormet 


were used in this investigation, electrical 
and nonelectrical 

1. Instrumentation for electrical 
measurements 

The surface contact resistance of the 
which is a measure of the 
was determined with 


roaterial, 
surface condition 
a modified Kelvin double-bridge e:meuit 

The spot-welding currents were mens 
ured by the use of an ampere-squared 
indicator... The seam-welding 
currents were measured by a recording 


ond 


ammeter and by a pointer-stop ammeter 
The seam-welding currents were eval- 
uated for the various “on-time” and 
“off-time”’ 
cuthode-ray one illoseope and a camera 


sequences by the use of a 


Table 3—Conditions for Radiography 


Film 
film 

Exposure: 40 ma min 

Tube-film distance; 36 


Kastman Kodak Type M X-ray 


Gage, in. Voltage, ke 
0.010 
0.015 
0.021 
0.081 
0 082 


2. Instrumentation for nonelectrical 
measurements 

The electrode force was measured with 
a deflection-type force indicator which 
was calibrated with the aid of a Univer- 
sal testing machine 

The welding times were measured and 
recorded with a direct-inking recording 
oscillograph. Welding speeds in ipm 
were caleulated from the product ol 
wheel speed in rpm and circumference 
of the wheel in inches 
ing was determined by direct counting 


The weld 


of the number of welds per inch or by 
using the following relationship 


(weld spacing) x (welding speed) x (total 


time per spot A 


The value of the constant, A, depends 
on the choice of the dimensions for the 
three interdependent variables. If weld 
spacing is taken in spots /in., the welding 
speed in ipm and the total time in 
cycles/spot, then AK will have the value 
of 3600. 

Penetration and width of the fusion 
zone were measured with a Pilar eye- 
piece and a low-power binocular micro- 
scope 

Klectrode indentation was measured 
at the center of the weld zone with a 
ball-end micrometer Sheet separation 
was measured with this micrometer at a 
distance equal to the overlap distance 


required by the RWMA standards 


Table 4—Composition of Etchants 


Macro-etch 
FeCl, 25 gm 
(NH, 15 em 
HCI (cone. ) 10 ce 
HNO, (cone. ) 3 ce 
Hw 7 5 ee 

Micro-etch 
1 gm 
HC} 20 ee 
10 ce 
ILO 10 ee 
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SECTION A-A 
Details of pillow-test specimen 


Fig. 2. Various stages in making and 
testing of a pillow sample 


(a) Upper left-—as-welded; (b) upper right 
after trimming; (c) lower center —after testing. 


Fig. 3 Pressure test equipment for the 
pillow samples 


Table 5—Specimen Size for Various 
Tests 


Croaa- 
Tensile- tension 


shear teat 


Pillow 


leat for 


Gage, for spot spot weld, 
in weld, in. in 

0 O10 

0.015 

0 021 

0.081 

0 062 


to 
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Table 6—Recommended Spot-Welding Conditions for Inconel 


Electrode 
Gage, in Diam 
0 010 o/s 


size, in 


0 015 


0 021 


0.051 


0 O62 


Weld time 


cycles 


Weld force 
lh 

270-330 
125 
S50 
800-000 
1750 
1000 
1400 
100) 


75 


1400 


Weld cu 
amp 
(6000 
7000 
(6500-7500 
9000 
4200 
16,800 
16,000 


7000 


rrent 


OOO 


Penetration, 


* The values within parentheses are the range of variables 
dependent they cannot be indepe ndently varied over the 


used for 


RWMA Class II electrodes were 


Procedure 
Because the chemical analysis and the 
mechanical properties of Inconel ““W 
to those of X 
the most efficient approach to the dete: 
ol 
conditions for 
be the 
determined for Incone!} 


were similar Inconel 
seam-welding 
W’ to 


conditions 


X 


mination spot- and 


Inconel seemed 


use ofl iously 
Material Preparation 
had 


from 


The material as it was received 


contact resistance values ranging 
200-400 microhme After 


acetone, the contact resistance Vv 


degreasing in 
is low 
250 microhme 
it is 
and in some cases imperative 
to pickle the to be welded 
The pickling hould 
about not only a low contact resistan 


ered to the range of 150 
In 


desirable 


resistance welding usuall 


material 


operation 
| t 


but also uniform contact resistance b 


the removal of any oxide film present 


In the case of high-nicke! 


particular! 


on the sheet 
this 


because of the tenacious « 


alloys operation is 
necessary 


lu 


prot 


film which is introduced on the sur 
of the material 
Therefore, after 


tion, the sheets were pickled for a period 


during 
the degreasing opera 
of from 20 to 30 min in a solution of 10 
parts concentrated nitric acid, 10 parts 
and 1.5 parts hydrofluoric acid 


The de 


wate! 


by volume pickling time 


ill gages 


pended on the 


contact 
operation 


30-70 mi 


which are 


range 


the 
resistance 
Wit 


crohres 


satisiactory 


bath 
the 


the 


without adjusting other variable 


rhe 
pickling 


range ol 


for good welds 


to COT ps 


Examination of Welds 

The 
cluded both 
tive method 


exatnination 


the 


destructiy 


variables are inter- 


of the welds in- 


e and nondestruc- 
method 


latter ihe 
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| 
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WELDING CURRENT 
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17000 
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Table 7—Recommended Spot-Welding Conditions for Inconel X 


klectrode size, in 


Gage Diam Radius 


0 O10 


in 


0 O18 


O21 


0.031 


0 O82 


Weld time 


Weld force, 
2:0 
100 
0-450 

H50 850 
1750 
120K) 


1900 


100 


Weld current 


an 
7400 
1000-77 
7400 
(7000 
7100 
16,4550 
15.500 


7000 


10 


20 


0 
) 

0 

0 


14 
12-4) 
440 


20 


lene tration, 


* The values within parentheses are the 


dependent, they cannot be independently varied over the range without adjusting other variables 
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range of variable 


Vippes, 


which are 


et al 


satisfactory 


elding of Inconel 


for good wels 


Since thes 


to compensals 


variables are inter- 


120-8 


Radius — dia in 

6 2 011 
2-4)* 010-0 12 

2-6 010-0 11 en 

6-8 012-0 14 
6 0.17 10 
6-10 (0 16-0 18 

10 14 0 31 
12-16 0 30-0 32 

5000 

| | 
| } | 
400 = 

& | | 

oO 

° 
e | 
le | | 

| OPTIMUM 

mace QURRENT 

| | | 
15,000 | 18,000 19,000 

39 6 2 011 15 

24 12 

6-10 Is 

1-16 | 0 27-0 40 


volving the use of radiographs of the 
welds to detect porosity in the fusion 
gone. Table 3 liste the conditions used 
for radiography 

Representative samples of both spot 
and welds 
polished, and etched for metallographic 
examination. Inseam welds both longi- 
tudinal and were 
made to determine the penetration, the 
fusion-zone width and the weld overlap 
Table 4 lists the composition of micro- 


seam were also sectioned, 


transverse sections 


and macro-etchants used in this investi- 
gation 


Testing of Welds 


All spot welds were tested in tensile- 
shear and normal-tension. Table 5 
lists the RWMA recommendations for 
the specimen sizes used in the destruc- 
tive testing of the various sheet thick- 

The peel test was used as a qualita- 
tive test for the seam welds, and the 
pillow test was determine 
the strength of pressure-tight welds.’ 
Pillow-test specimens for all gages were 
made of 6- x 6-in One sheet of 


used to 


sheets. 


Table 8—Results of Mechanical Tests on Inconel "W" Spot Welds 


Shear-lenaile 


Cage, in strength, lh 


Normal-tenaile 


Ratio normal 


lo shear, %, 


strength, lh 


0 O10 200 

(210 240 
(350-420) 
670 

(00 720) 
1350 

(1250) 1570) 
4040 

(4000) 4200) 


0.015 


021 


0.051 


0 062 


S80 
(350 400) 
6340 
(580-670) 
1280) 
(1150-1400 
2580 
(2200-2700 


87 


this test specimen was drilled at the 
center and a brass pipe brazed to the 
sheet so that the axis of the hole and the 
pipe were coincident. If the 
diameter of the pipe was about the same 
size as the diameter of the drilled hole, 
the brazed joint tended to crack. This 
cracking was due to the stresses pro- 
duced around the hole during the drilling 
operation. Therefore, the inside diam- 
eter of the pipe had to be larger than 
the diameter of the drilled hole so that 
the brazed joint would not be in the 
region where the stress concentration 
was great enough to cause cracking 
The brazing alloy used for making the 
joint was a proprietary alloy composed 
of 65% Ag, 28% Cu, 5% Mn, 2% Ni 
The use of this alloy was necessary be 
cause ordinary Cd-bearing silver braz 
ing alloy wet the grain boundaries near 
the drilled hole and caused stress-corro 
sion cracking. 

The sheet with the brass pipe attached 
was seam welded to a 6- x 6-in. flat sheet 
The welds were made so that a 4- x 4-in 
area was bounded by the seam welds, as 
shown in Figs. 1 and 2 
welding, the excess metal was sheared to 
within '/, in. of the welds. The pipe 


inside 


Following seam 


Table 9—Recommended Seam-Welding Conditions for Inconel "“W”" 


Spe ¢ d, 
ipm 


Gage, 

wn, Wheel geometry 
0010 RWMA Clase Il, '/, in, 45 

in., radius 9-in. wheel diam (28 -63)* 
RWMA Clase Il, in., 36 

in., radius wheeldiam (21 
RWMA Claas IT, */» in., 3- 30 

in., radius wheel diam (20-43) 
RWMA Clase IIL, */i¢in., 5- 30 

in., radius 0-in. wheeldiam (19-40) 
RWMA Clase IIT, '/, in., 

in., radius &in. wheel diam (8-15)t 


0 015 
6) 
0 021 
0 O31 


0 062 


Force, 
lh 

(350.450) 
700 
(625.775) 
1400 
(1250-1550) 
2500 
(2100) 2500) 
10001 min 


Current 
amp 

1000 
(45000 5500 
(6100 6700 
7600 
(6700-8400 
9700 


(8500-10, 800 ) 


14, 4007 


Timing Cycles 


” 
on 


(3-5) 
ST 


(12,500-16,500)1 (7-9)T 


Fusion 
zone 
width, 

tion, % in 


Spacing, Penetra- 


spots /in. 
20 
(19-22) 
17 
(16-19) 
i4 
(12-16) 
10 
(9-12) 
12+ 
(11 


“off”’ 


(30-60) 0 11 


(30-60) 0 12 


(30-00) 0.14 


(30-00) O17 


167 


(15-28)t 13)t (30-60) 0 24 


* The values within parentheses are the range of variables which are satisfactory for good welds. 


Since these variables are inter- 


dependent, they cannot be independently varied over the range without adjusting other variables to compensate. 


t Not optimum conditions, but satisfactory when sufficient force is not available. 


Table 10—Recommended Seam-Welding Conditions for Inconel "X" 


Gage, Speed, 
mn Wheel geometry ipm 
0010 RWMA Clase IT, in, 45 
in., radius wheel diam (28-63)* 
RWM A (lass II, 
in., radius 0-in, wheel diam 
RWMA Clase II, in., 3- 
in., radius 0-in, wheel diam 
RW MA Claas IIT, 3 
in., radius wheel diam 
RWMA Clase in., 6- 
in., radius 8-in. wheel diam 


0 O15 
0 O21 
0 


0 062 
(8-15)t 


Force, 
lh 

100 
(350) 450) 
700 
(625-775) 
1400 
(1250-1550) 
2300 
(2100-2500) 


40007 min 


Current 
amp 

4600 
(3200-4000 
3000 
(3000 
S000 
(7700-8400 
8500 
(8100-8000 
10,300 


1200) 


Timing Cycles 


(3-5) 


Fu ston 


Penetra- width, 


‘off”’ tion, % in 


Spots in 


(30-45) 0 11 


(16-19) (30-45 0 12 


14 
(12-16 


(30050 O14 


(30-50 017 


(5-10) 
16 
(15-28)t 


(30-65) 0 18 


* The values within parentheses are the range of variables which are satisfactory for good welds. 


Since these variables are inter- 


dependent, they cannot be varied independently over the range without adjusting other variables to compensate 


t Not optimum conditions, but satisfactory when sufficient force is not available 
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200 = 
(175-220) 
a 
Oy 
BH 
(25) 
2 
(1-2) (3-6) 
(2-4) (5-8) 
= 
= 
1 3 20 
(2-5) 
2 17 
(1-2) (3-6) 
(24 (5-8 
s 10 
(9-12) 
12 
(11-15)t 


was connected to a hand operated 
hydraulic pump and water was pumped 
into the specimen until it ruptured. The 
rupture-strength was recorded on a 
pointer-stop hydrostatic pressure gage 


Figure 3 shows a photograph of the 


pillow testing equipment 


Investigative Procedure 

In all determinations the welding cur 
rent was varied from a value just suff 
cient to produce sticking to a magnitude 
great enough to cause expulsion 

The investigative procedure followed 
has been outlined below 

| Welds were 
optimum conditions as previously dete! 
mined for Inconel ““X”’ for all variables 

2. Welds were 
optimum conditions as determined 
Inconel X”’ for all but one variable 


made using the 


made using the 


this variable being assigned 
between the upper and the lower limits 
of the range as determined previously for 
Inconel 

3. Step 2 was repeated until eac! 
variable had been considered individ 
ually 

The 


optimum tor 


determined i 
X were con 
Inconel W if 


ace eptable welds were made throughout 


conditions 
Ine onel 
sidered optimum for 


the range for all the variables 

5. The 
until acceptable welds were made on 
Inconel “W 
as determined for Inconel “X 


conditions were adjusted 
il the optimum conditions 
did not 
prove satisiactory 


The variables investigated were ele 


trode geometry, electrode force, ele: 


trode speed, welding time and welding 


eurrent. The values of the variables 
which gave the best results according 
to the RWMA criteria were reported 
as optimum 

Klectrode 
force were considered 
their combined effect determined the 


yressure requirements for good welds 


geometry and electrode 


together since 


In the investigation of electrode geom 
etry for welding of Inconel ““W the 
minimum electrode diameter for spot 
welding and the minimum electrode 
width for seam welding were chosen as 
(O.1 in. + 20) where twas the single-sheet 
thickness, in inches, of the material 
being welded The value of (0.1 in. 4 
2t) was increased 10%, to compensate tor 
the curvature machined on the contact 
surface of the electrode 

The electrode force range was deter 
mined so that porosity, electrode inden 
tation and sheet separation met RWMA 
requirements. First, the force was 
lowered from the optimum force value 
for welding Inconel ‘‘X"' to the minimum 
value at which porosity did not appear 
This value was taken as the lower limit 
of the optimum force range for welding 


Inconel “W 


creased to a value where both indenta 


Then the force was in 
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ELECTRODE DIAMETER 
ELECTRODE FORCE 
WELDING TIME 
T T 
@ TENSION-SHEAR | | 
CROSS-TENSION | | 


-6" R DOME 
1750 LBS 
8 CYCLES 


T 


POUNDS } 


LOAD 


OPTIMUM 
CURRENT 
RANGE 


9000 
AMPERES) 


7000 8000 
WELDING CURRENT 
Fig.5 Spot weld strength of 0.031-in. Inconel "W’" sheet 


sheet separation were just weld The problem of electrode deteri- 


RWMA 
the upper limit 


tion and 


helow the allowable limites oration Was not considered separately 


This value was taken as in this investigation 


of the electrode force range The value he problem of maintaining electrode 
aliwnment wa al 


With excellent 


within the determined 1 


the best result vas taken as the op 


inge Which gave inportance 
trode alignment the 
current at which 


much greater 


timum value alue of the 


tapid electrode deterioration resulted expulsion occurred wa 


from the use of either insufficient o1 than when poor electrode alignment was 


excess electrode forces In addition the used (jood alwnment also decreased 
deteriorated deterioration of the electrodes consider- 


electrodes much more 


urrent values near of ib Poor electrode alignment, on the 


other hand sused early 


rapidly with 


greater than the expulsion limit. The expulsion, sur- 


use of deteriorated electrodes resulted pitting, increased sheet separation 


in uneven current and pressure distri ind indentation, and influenced the 


bution and in poor, irregularly shaped shape of the fusion zone 
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Fig.6 Spot weld strength of 0.021-in. Inconel ''W"’ sheet 
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SPOT WELD STRENGTH OF 0.015" INCONEL W SHEET 


ELECTRODE DIAMETER DOME 
ELECTRODE FORCE - 450 LBS 
WELDING TIME ~ 4 CYCLES 


@ TENSION: SHEAR 
© CROSS - TENSION 


OPTIMUM 
| CURRENT 
% 00 O00 000 3000 
WELDING CURRENT (AMPERES) 
Fig.7 Spot weld strength of 0.01 5-in. Inconel "W" sheet 
Because of the importance of the face had to be coincident with the 


electrode alignment, which is 
eal in the thin gages, much 


spent to secure proper alignment 


decrease the set up time in spe 


was made which held both th 
bottom 


electrodes 


ol the electrode were coincid 


NeCCORRATY adjustments were t 


on the electrode holders to 


these axes in coincidence d 
welding operation. In additi« 


and to maintain good alignment 


very eriti- 
tune Was 

To 
t welding 
a ji 
e top and 


simultaneously in 
such a position that the cylindrical axis 


ent. The 
hen made 
maintain 
uring the 
m the axis 


of the dome machined on the electrode 


eylindrical axis of the electrode 
The 


seam welding was more difficult to solve 


problem of alignment during 
because of the unpredictable nature of 
the deflection of the axle and bearing 
assemblies, Therefore, 
wijustment of the electrodes was re- 
quired each time a change was made in 
wheel geometry or electrode force. 

As shown previously, the product of 
the weld time, the weld spacing and the 
welding speed is a constant. Therefore, 
for a given value of one of these vari- 
ables, only one of the remaining two 


trial-and-error 
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Fig. 8 Spot weld strength of 0.010-in. Inconel "W" sheet 
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Fig. 9 Single spot shear strength for 
optimum welding conditions 


variables can be considered to be in- 
dependent and, hence, varied, In order 
to produce satisfactory pressure-tight 
seam welds, the following conditions 
must be satisfied simultaneously for the 
above variables: 

1. The “on-time” 
enough to produce a fusion zone with 30 
to 70°) penetration 

2. The “‘off-time”’ 
enough to eliminate porosity and crack 


must be long 


must be long 
ing in the fusion zone 

3. The weld spacing must provide 
sufficient overlap to produce a pressure- 
tight seam 

4. The wheel speed must be sutli- 
cient to allow a practical fabrication 
rate. 

In this part of the the 
optimum value determined for Inconel! 
“X” was chosen and kept constant for 
one of the variables while the other two 
were varied so that their product was 
constant. The effect on the welds was 
noted, and the optimum condition and 
the range were determined for the three 


research 


variables. 
Results 

In general the results obtained from 
this investigation paralleled closely 
those obtained previously for Inconel 
Spot Welding 

In spot welding Inconel ““W,,”’ both the 
optimum welding time and electrode 
geometry were found to be the same as 
those for Inconel “X." As 
seen from a comparison of Tables 6 and 
7, the electrode force required for spot 
welding Inconel ‘““‘W"’ was the same as 
that for Inconel ‘“X”’ except for the 
0.015- and 0.021-in. sheets. For 0.015- 
in. sheets the recommended value of 
electrode force for Inconel “W”’ 
450 lb, whereas for Inconel “X,"’ the 
4100 Ib. For 


may be 


Was 


recommended value was 
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RUPTURE STRENGTH OF O062° INCONEL W PILLOW TESTS 
SEAM WELDING CONDITIONS 


ELECTRODE FORCE -4000LBS WHEEL 
WELD TIMING-8 OFF WELD SPACING -i2 SPOTS/AN 


START OF 
PLUG FAILURE 


1600) 


1200 


RUPTURE STRENGTH (PS!) 


START OF 


PLUG FAILURE 


EXPULSION T 
UMIT 
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ELECTRODE DATA 
@ WIOTH-2-6°R DOME 


400, 
BOOO 10,000 manag 14000 16 OOO 18,000 Fig. 11 Plot of weld spacing, wheel 
WELDING CURRENT (AMPERES) speed and weld time vs. sheet thick- 
Fig. 10 Rupture strength of 0.062-in. Inconel ''W"' pillow tests ness 


Fig. 12 Photomacrograph of a longitudinal section of a Fig. 13 Photomacrograph of a longitudinal section of a 
seam weld showing porosity, X 15 seam weld showing good overlap and elimination of 
porosity, X 15 
the O0.021-in. sheet the optimum value 
of 750 |b previously determined for 
Inconel “X" was changed to a value 2 
of 850 Ib for Inconel “W RUPTURE STRENGTH OF O.03I' INCONEL W PILLOW TESTS 
The optimum current ranges for the SEAM WELDING CONDITIONS 
two alloys were slightly different for al ELECTRODE FORCE -2300L8S. WHEEL SPEED - 30°/MIN 
Sead ta WELD TIMING-4°LON, 8°LOFF WELD SPACING - SPOTS/IN. 
dicate the spot-welding conditions for 2. 
Inconel “W" and Inconel “X,”" respec ' if 
tively START OF | 
The strengths of the spot welds mace 2000}— PLUG FAILURE a ° 2 
at the optimum conditions measured by j 
tensile-shear and normal-tension tests = | 
(see Table S), were generally slightly i600 | 
lower than those of Incone! X This = | 
difference Wns ted because the | 
mechanical properties of Inconel fe 1200 OPTIMUM 
as-received, indicated that its strength " CURRENT | 
was lower than that of Inconel “X © | 
The strength-current relationships for 800 + ELEC DATA 
both tensile-shear and normal-tension | “ 
tests for the various thicknesses of WIDTH - r_a'rR OOME 
Ineone! \W are shown in Figs 400 T T 1 
Figure 9 is a plot of single spot shear MALLORY NO.IOO 
| «DIAM. WHEEL 
strength of Inconel and Inconel 
as a function of sheet thickness 8000 9000 1,000 


Seam Welding 


In seam welding, the optimum values 
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WELDING CURRENT (AMPERES) 
Fig. 14 Rupture strength of 0.031-in. Inconel "W"' pillow tests 
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of weld spacing, welding speed, welding 
time, and electrode force were found 
to be the same as those recommended for 
Inconel “X."" The electrode geometry 
was the same for all thicknesses except 
the 0.062-in. stock. 


In seam welding 0.062-in. Inconel 

W”’ with the conditions as determined 
for Inconel “X,” 
and sheet separations were experienced 
Increasing the electrode width from */\. 
in. Which was the recommended width 
for Inconel “X,”" to in., 
taining the electrode force at the same 
value of 4000 Ib decreased the electrode 
eliminated the 
excessive indentation and sheet separa- 
tion for Inconel “W."” The results of 
rupture tests of pillow samples made 
with electrode widths of in. and '/, 
in, and with all other variables kept 
constant, are shown in Fig. 10 


excessive indentations 


and main- 


pressure and thereby 


It is to be noted that although the '/,- 
in. electrode geometry is considered 
optimum for the welds made on 0.062- 
in. Ineonel “W," the recommended 
values of the welding speed and the 
weld spacing were changed from 
their estimated optimum values. This 
change was made to compensate for the 
maximum obtainable electrode force of 
4000 |b, which is approximately 25% 
less than optimum value of 5500 lb. The 
force of 5500 Ib. was estimated by consid- 
ering the eleetrode force requirement 
for spot welding and by comparing the 
electrode force requirements for seam 
welding the other thicknesses. Figure 
11 shows the relationships between 
welding time, wheel speed and weld 
spacing a8 a function of sheet thickness 
In this figure the dashed lines, extrap- 
olations of the smooth curves, may be 
used to estimate the optimum conditions 
for welding thicker sheets. Note that 
for the 0,062-in, material the wheel 
speed and weld-spacing values studied 
do not fall on the curves sincé the esti- 
mated optimum welding force of 5500 
Ib was not attainable 


Figures 12 and 13 show the effect of 
varying the wheel speed and the weld 
spacing seam welding 0.062-in 
Inconel Figure 12 shows a 
longitudinal section at * 15 of the seam 
weld using the estimated optimum con- 
ditions for all variables except the elec- 
In this case the weld is 
porous because the estimated optimum 
electrode force of 5500 |b was not attain- 
able. Figure 13 shows a longitudinal 
section of a sound seam weld made at 
Note the 
change in weld spacing to compensate 
for a lower than optimum electrode 


trode force 


the recommended conditions 


force 

The optimum current ranges for the 
various thicknesses of Inconel “W" 
were somewhat different and generally 
broader than determined for 


Inconel “X.” 


those 
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SEAM ‘WELDING CONDITIONS: 


ELECTRODE FORCE -'400 LBS 
WELD TIMING - ON, 6°LOFF 
WHEEL SPEED - 30°/MIN 

WELD SPACING - SPOTS /IN. 


RUPTURE STRENGTH OF 0.02!" INCONEL W PILLOW TESTS 


ELECTRODE DATA 


wi0TH- -3"R DOME 
MALLORY NO. 3 
9” DIAM. WHEEL 


T 


START OF 


WELDING CURRENT (AMPERES) 
Fig. 15 Rupture strength of 0.021-in. Inconel "W"' pillow tests 


The pillow-test results indicated that 
the rupture strengths of the specimens 
made of Inconel ‘‘W”’ were in general 
slightly below those of Inconel “X."" As 
mentioned previously this was expected 
in consideration of metal 
strengths. Figures 10 and 14-17 show 
the relationship between the rupture 
strength of pillow specimens and cur- 
rent for the various sheet thicknesses 
investigated. Tables 9 and 10° in- 
dicate the seam-welding conditions for 
Inconel “W" and Inconel “X,” 


tively. 


parent 


respec- 


Figure 18 is a photomacrograph of a 
transverse section of a sound seam weld 
produced with the recommended condi- 
tions for 0.062-in, Inconel “W.”’ Figure 
19 is a photomacrograph of a similar 
seam weld taken from the ruptured area 
of a pillow-test specimen, showing frac- 
ture along the edge of the fusion zone. 

Figure 20 is a plot of maximum 
rupture strengths of the pillow speci- 
mens vs. sheet thickness for Inconel 
“W,” Inconel “X” and Monel seam 
welds. It was originally hypothesized 
that each of the three alloys should have 


SEAM WELDING CONDITIONS: 


ELECTRODE FORCE - 700 LBS 
WELD TIMING~- 2“UON, 4°U OFF 
WHEEL SPEED 36°/MIN 
WELD SPACING -!7 SPOTS/IN. 


RUPTURE STRENGTH OF 0.015" INCONEL W PILLOW TESTS 


ELECTRODE DATA: 


WELDING CURRENT (AMPERES) 
Fig. 16 Rupture strength of 0.015-in. Inconel “W" pillow tests 
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a linear relationship between the maxi- X 
mum rupture strength of its pillow sam- RUPTURE STRENGTH OF 0.010 INCONEL W PILLOW TESTS 
ples vs. sheet thickness. This hy- 
pothesis, however, must be qualified by 
stating that such a relationship exists ELECTRODE FORCE -400 LBS woth - { -3"R DOME 
for the thinner gages, but as the sheet WELD TIMING - | “LON, 3°LOFF 
thickness Increases the relationship Is ho WHEEL SPEED - 45" /MiN MALLORY NO. 5 
longer linear WELD SPACING - 20 SPOTS/IN 9 OAM. WHEEL 
However, with more ductile materials 
the initial linear relationship of the 
curve extends through thicker gages 
Therefore, 0.062-in. Monel is still in the 
linear rage, whereas the same thickness 
for Inconel “X”’ or Inconel ““W”’ is well 
out of the linear range 


SEAM WELDING CONDITIONS ELECTRODE DATA 


EXPULSION 
LIMIT 


The cause of this behavior is the stress 
concentrations introduced when testing 


8 


the pillow samples Ina test of a pillow 
sample made of thin material the loading 
produces a diaphragm action and failure 


RUPTURE STRENGTH (PS!) 


occurs under biaxial stress. This same 


type of stress concentration ts also 


evident in thicker gages for more ductile 


material. However, for less ductile ooo . 4000 6000 
{ TH hesic > rh 4 { 
material, besides the diaphragm-action WELDING CURRENT (AMPERES) 


Fig. 17 Rupture strength of 0.010-in. Inconel '"W"' pillow tests 


— 


Fig. 18 Photomacrograph of a transverse section of a 

sound seam weld. X13 (The areas along the grain 

boundaries in the heat-affected zone are not cracks, but Fig. 19 Photomacrograph of a transverse section of a 
“intergranular rivers.” “Intergranular rivers’ result from seam weld from a ruptured pillow sample showing the 
incipient fusion at the grain boundaries '’) fracture outside the fusion zone, * 10 


a beam-action is introduced, and hence ilone. Figure 21 illustrates the relative 
the pillow sample is under triaxial umount of deformation in two pillow 
stress causing earlier failure than would sumples, the one on the right made of 
be expecied under diaphragm-action ().062-in. Inconel “W,” the one on the 
left 0.015-in. Inconel “W 

It is believed that if compensation 
were to be made in size of the pillow 
specimen as the thickness of the sheet 


RUPTURE STRENGTH OF PLLOW TEST 


“ ’ to be tested was increased, this anomaly 
— would be overcome It should be noted 
in Fig. 20 that the values associated ' 
with 0.062-in. Inconel “W" and Inconel 
X probabl ave lower rupture Fig. 21 Deformation in a thin gage 


trengths than those which would be (left) and a heavy gage (right) pillow 
obtained had the condition used for sample 


velding these samples been optimum 

This implies that the divergence of the found to be similar to those previously 

curves from linearity is due partly to the determined for Inconel “X 

compromise welding conditions used fot y i rengths of the welds made 
elding 0.062-in. Inconel “W" and In 0 neonel “Y under the preseribed 

conel xX ind partly to the nature we! comparable to the 

of the test itsell! reng ained for Inconel “X”’ of 


! current ranges in 
Conclusions ‘ urwer for Inconel 
The optimum conditt j rou } for Inconel 


were velds made within the reeom- 


Fig. 20 Maximum rupture strength of 
pillow test vs. sheet thickness arn am welding Incone 
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mended RWMA 
standards 

5. Before spot and seam welding of 
such alloys as Inconel “W" and Inconel 
“XX,” degreasing and pickling are 
essential 

6. Eleetrode alignment in spot and 
seam welding Inconel “W"' especially in 
welding thin gages, is an important con- 
sideration, This was found previously 
to be true for Inconel “X.”’ 


range satisfied the 
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Correction: 


‘Stresses from Radial Loads 
and External Moments in 
Cylindrical Pressure Vessels’ 
by P. P. Bijleard 
In the December 1955 issue of THE 


WELDING JOURNAL RESEARCH 
SUPPLEMENT, page 609-8, third 


column, sizth line, “Fig. 11b" should 
read ‘*Fig. Also, page 613-s, 
Table 6, should read 


The Editor 


| REVIEWS 
| OF NEW BOOKS 


litte, the German Engineer's Hand- 
hook Vol. Theoretical Founda- 
tions; published by Wilhelm Ernst & 
Sohn, Berlin, 1955, 1668 pages, 1400 
illustrations, 28th edition. 36 German 
marks 

This is the first volume of eight com- 
prising this comprehensive handbook 
for engineers of all fields. It is divided 
into nine sections, Section Lon Mathe- 
tnatices contains tables of powers, roots 
and logarithms, and brief summaries of 
important practical results in such fields 
ae algebra, caleulus, and differential 
equations, Sections Il to V deal with 
physies, heat, ibrations and mechanics 
Section VI on strength of materials con 
tains short sections on residual stresses 
and the notch strength of welds. See- 
tion VIL is a materials handbook in it- 
self, deseribing practically every engi- 


of Stainless Steels covering the years 1926-1955, with Author Index. 


neering material. Section VIII de- 
seribes methods of measurement 

The first edition of Hiitte was issued 
in 1857 for students at the Royal Voca- 
tional Institute, now the Technical 
University of Berlin. The editors of the 
handbook then endeavored to combine 
scientific principles and practical experi- 
ence to the exclusion of rigid doctrine 
and rambling theory. The tradition 
has been maintained in the present 
volume 


Weldiny with Electrodes Buried un- 
der Flux, by P. Berthet. Abstract of 
“Le soudage avec électrodes couchées 
sous flux,” published in Soudage et 
Techniques Connexes, 9, 323-324 (1955). 
The author is an engineer at the French 
Institute of Welding (Abstracted by 
Dr. Gk 

A simple process has been developed 
whereby firecracker welding has been 
In this process a 


Claussen. ) 


made more foolproof 
covered electrode of the type used for 
manual welding is laid along the joint to 
be welded. The electrode is connected 
to a source of de or ac and is covered 


WELDING RESEARCH COUNCIL BULLETIN No. 25 
Bibliography of The Welding of Stainless Steels, 1926-1955 with Author Index 


The Welding Research Council has just issued Bulletin No. 25 which is a Bibliography on The Welding 
This bibliography was prepared by 


with flux to a depth of */, to 1*/¢ inches 
A number of materials have been satis- 
factory as fluxes, such as powdered glass 
blast furnace slag and foundry sand, A 
particularly simple, cheap and effective 
flux consists of river sand to which 5 to 
8% by weight of potassium silicate 
(31° Bé) has been added. The flux 
may be used as a granular powder or 
as a paste. 

During the fusion of the electrode, 
white smoke is evolved and a small blue 
flame burns above the weld zone. Slag 
is porous and easy to remove. The de- 
posit is smooth and uniform. There is 
no spatter. Bare wire has been added 
to inercase the deposit rate 25 to 31%. 
For surfacing applications several elec- 
trodes can be deposited in parallel. All 
standard types of coated electrodes have 
been deposited successfully. 

The mechanical properties of the de- 
posited metal were excellent. In one 
test with a '/,-in. 6013 electrode at 400 
amp the tensile strength was 54,000 psi, 
elongation 27% and Charpy value 10 
mkg,em*®, The rate of deposit was 
about 5° slower than in firecracker 
welding under a copper mold. 


Mrs. Katherine Janis, Assistant Librarian, Development and Research Technical Library of the Inter- 
national Nickel Company, 67 Wall Street, New York 5, N. Y. 


This Bulletin is priced at $1.00 a copy. 
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WELDING OF HIGH-STRENGTH STAINLESS 
STEELS FOR ELEVATED-TEMPERATURE USE 


Several high-strer.gth stainless steels found to be 


weldable under conditions of high restraint 


using the inerl-gas-shielded tungsten-are process 


BY J. J. VAGI AND D.C. MARTIN 


ABSTRACT. Welding tests on stainless 
steels indicate that AMS 5643, AMS 5528 
and AMS 5616 stainless can be welded 
under conditions of high restraint, using 
tungsten-are prot 

100,000 pai or 
AMS 5616, AMS 
obtained by 


How 


ever, to obtain reasonable elongations, it is 


the inert-gas-shielded 
ess. Yield 
higher in weldments in 
5643, and AMS 552s 
using postwelding heat treatments 


strengths of 


were 


necessary to solution anneal as part of the 
postwelding heat treatment (1700° F to 
1000° depending on the illo 
Preliminary tests on AMS 5735 stainless 
steel showed that this steel is extremely 
to hot cracking X-ray diffrac 
tion and metallographic studies show the 
presence of a low-melting grain boundar' 


film 


sensitive 


Introduction 
The welding characteristics of several 
high-strength stainless steels considered 
for use as a pressure vessel to operate at 
high pressures at 800° F 
termined. <A 


indicated 


have been ce 
survey of high-strengt! 
that those tabulated 
likel to POSSESS the 


alloy s 
below were most 


desired properties 


AMS 5735 stainless steel 
AMS 5616 stainless steel! 
AMS 5643 stainless steel 
AMS 552s stainless steel 


tungsten-are welding 


t the 


Preliminary 


tests were made to sele materials 


J. J. Vagi ia Engineer snd D.C. Martin 
Thiet, Battelle Memorial Institute, Co 
ty) 


Ww 


eng 


weldable An extensive 


was made to develop sound weld 


most readily 
study 
ing procedures and to determine the 
effect of heat treatment on the proper 
ties ol weldable 


welded joints in the 


illoys 


Materials 
The compositions of the high-strength 
teels investigated are given in Table | 
Most of the material for the 
ed in the soft or solution 


welding 
tests was rece! 
wicle 
nominal thickness A\IS 
Heat treat 
used for obtaining high strength 


innealed yndition in bars 6 in 


and 2 in 


plate vas Sin. wide 
ments 
tables which report thy 


tests 


ire given in the 


results of tensile 


Test Procedures 


ll welding test vere made using the 


inert-gas-sinelded tungsten-are 


4 standard 500-amp inert-ga 


proce 
hielded 

torch was 
Zirtung 


velding 


tungsten-are manual used 


with i electrode 


«las the shi 


the material 


irgon wh 
welding ill 


direct 


gas fol 
Straight-polarit 
irrent Wa ised for all welding and wa 
supplied | 1O0-amp d-c generator 
The single-l 


shown in Fig. | wa 


joint design 


yroove 


employed in all weld 


wkup bar with a yen 


hined in it was used to 


prevent ive burn-through while 


making the 


Fig. | 


In 
AMIS 552s 
thick 


velds in 


and had 


AM> 


Phe machines 


restraining 
the { 
Runoff 
mution Wi 


finshed on the 


ti rete 


ut 


runoll 


Weld-joint design used for 2- 
in.-thick plates 


materials except 
eldments were 2 in 
long welds in them 
ere S in. long 
plates were held in a 
uch a position that 
root opening 
then tack welded in 
vas started and 
in each weld 
crater cracks from 
The diree- 


iiternated each piss. 


einen 


weldments were made 
the same nominal 
plate One 
was welded with 
This special 

i later section 
vas first wiped clean 
and then 
OO emery 


whiloride, 


ining No 


Table 1—Typical Chemical Compositions of Alloys Studied 


Alloy 
desiqnation 
AMS 5616 0.15 
AMS 5643 004 
4 5528 0 07 
AMS 5735 0 045 


Composition 
Un 
0 5O max 


Ke 
Hal 


Balances 


Other 
05 max 3.00 W 


75 Cu 


1.95 Ti 


weight per ce 
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6 
piss 
thie wtual weld 
\lost of the test 
ising filler eta 
composition a 
unple of AMS 
ing tests. A ) case is dircussed is 
Work performed under AEC Contract W-7405 
root pas abrasion cleaned 
w/o 
13.00 2 00 0 15 ma 0.5 max 0 
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2-in. gage length 


b. Tension-Test Specimens in Relation to Weldment 


Fig. 2. Test specimens from 2-in.-thick, 6-in.-long weldments 


This was followed by wiping 
again with carbon tetrachloride 

Completed welds were X-rayed to 
inspect for defects not observed during 
welding. Conditions used for radiog- 
raphy were: BOD, 36in.; 350 kv; 5 ma; 
10 min. The back sides of the welds 
were ground flush before X-ray inspec- 
thon 

Following radiographic inspection, 
some weldments were heat treated, de- 


paper. 


pending on the condition desired for 
testing 
tests and metallographic studies were 
machined from the weldments as shown 
in Fig. 2. Where defects were noted in 
radiographs of the welds, the specimens 
were rearranged 80 a8 to avoid incorpo- 
rating the defect in one of the tension 
specimens. 

Strength tests were made at SOO0° F, 
and values of ultimate strength, yield 
strength, reduction of area, and elonga- 
tion in 2 in. were obtained. 

Weldments of 24-in. length were made 
in only two of the materials. The tests 
made and specimens used are discussed 
in later sections. 


Tests of AMS 5616 Stainless Steel 
Welding Tests 


Then samples for mechanical 


ing was observed in any of the weld- 
ments during welding. 

The weldments were radiographed 
prior to heat treatment in order to locate 
subsurface defects that could not be 
detected during welding. The radio- 
graphs revealed small amounts of poros- 
ity in all welds. The welds in B and D 
contained particles of heavy density 
that apparently were tungsten particles 
inadvertently spattered into the weld 
To confirm the presence of porosity, the 
machined tension-test specimens were 
inspected with a dye penetrant. In 
general, failures in the tensile specimens 
did not appear to be related to specimen 
surface defects as shown by the dye. 


Strength Tests of Small Weldments 


Tension tests at 800° F were made on 


specimens machined from weldments 
treated as follows: 


Weldment Treatment 
Band D 


A and C 


As-welded 

1800° F, 2 hr, air cooled to 
room temperature; tem 
pered at 1000° F, 2 hr, 
air cooled to room tem- 
perature 


The specimens were machined from the 
welds, as shown in Fig. 2. 

Results of short-time tension tests at 
800° F are given in Table 3. The data 
indicated that considerable increase in 
strength could be obtained from post- 
welding heat treatment. 


Table 2—Conditions Used for Welding 2-in.-Thick Plates of AMS 5616 Stainless 
Steel 


Thickness, in. 2 2 
Length, in. 6 6 


Weldment 
D 
2 2 2 


6 6 24 


Joint type Single Single Single Single Single 
U-groove U-groove U-groove U-groove  U-groove 

Included angle, deg 5 45 45 45 45 
Root land, in. '/e 
Root opening 0 0 0 0 0 
Shielding gas Argon Argon Argon Argon Argon 
Flow rate, cfh 30 30 30 30 30 
Electrode Zirtung Zirtung Zirtung Zirtung Zirtung 
Welding current, amp ® 

Root pass 315-320 315-320 300-365 

Remaining passes 360-365 300-365 300-305 
Preheat temp, F 500 500 500 
Interpass temp, F 500 500 500 
Welding speed, ipm 2-4 1'/,-3 2-2'/s 


Conditions used for welding are given 
in Table 2. All welds were made using 
1 /¢in.-diam AMS 5616 filler wire of the 
sume nominal composition as the base 
metal. The use of '/in.-diam wire 
was entirely satisfactory, but it was 
evident that a larger diameter wire 
would have decreased the total welding 
time considerably With the exception 
of the first three passes and the reinfore- 
ing passes, all passes were peened with 
a round-nosed peening tool and an S-lb 
chipping hammer. Peening was per- 
formed in an attempt to reduce warpage 
and to prevent cracking that might re- 
sult from shrinkage stresses. No crack- 
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— in 
— 0505 
0. Location of Test Speamens c. Details of Tension Specimens 


Table 3—Results of Tension Tests at 800° F on Weldments of 2-in.-Thick AMS 5616 Stainless Steel 


0.29, offset 
yield Tensile 
strength, strength, Elongation Reduction 
Condition Spec imen® pat pat in 2in., of area, Location of fracture 
As-welded 84 000° 105, 500 f He affected zone and base metal 
000 93 , 600 j § He ffected zone and base metal 
5, 200 110,000 f 16 He iffected zone and base metal 
3,000 05,700 8:3 § Heat-affected zone and base metal 
Welded and heat treated at - 500 154,600 2.! ; Weld 
1800° F. 2 hr, air cooled to 4 2 000" 159.300 § 53 Base metal 
room temperature; tempered 24, 200 164,000 § ! Heat-affected zone and base metal 
at 1000° F, 2 hr, air cooled to AF 30, 400 169,500 { Weld 
room temperature 


* Specimen machined from upper or lower portion of weldment designated by U or L, respectively 
” Extensometer slipped prior to 0.2% offset yield strength 


Grip broke at 0.006 strain; specimen was rerun 


Hardness surveys on as-welded and : It is obvious from the data in this 
on welded and heat-treated AMS 5616 } table that weldments in AMS 5616 have 
alloy indicated that the weld-metal hard- Poy excellent strengths at 800° F. How- 
ness in the as-welded condition was __—— ever, the weld itself had rather low due- 
slightly higher than the hardness of the 2 ius tility. To determine whether this 
base metal A fairly uniform hardness might affect the behavior of AMS 5616 
was obtained in the weld joints after weldments in service will require tests 
they were heat treated tesults of a other than short-time tension tests 
hardness surveys on two sections are att ; Tests of AMS 5643 Stainless Steel 
summarized below 

Welding Tests 


Six 6-in.-long samples were made for 


the welding tests; these were designated 
Hardne renee i | i Weldment J and K. 
Rockwell ( One sample 24 in, long, Weldment L, 
naffected | | | 
vas also prepared. During welding, 
hase metal Weld | , 
the plates were held in the restraining 
As-welded 205-23. 8 26. 0-35 0 | h that there wast 
| il wre in tho 
Welded and fully 


heat treated 39. 3-43.0 39.0-43.0 yin opening. Conditions used for 


Tin welding are given in lable 5. 
In Weldments F through J, '/s-in.- 
Fig. 3 Location of specimens ma- diam filler wire was used; */)¢-in.-diam 
In tension tests, weldments which chined from 24-in.-long weldments filler wire was used on Weldments K 
were not heat treated would be expected and | of filler wire did not 


to fail in the base metal because of the appear to | much effect on the be- 
higher hardness and correspondingly in in which tension specimens were havior of the alloy during welding. The 
creased strength of the weld metal machined from the weldment is shown welding spee were about the same 
This was borne out by tension-test re in Fig. 3 Tension-test results obtained with the two sizes of wire 

sults shown in Table 3. The seatter it 800° F on the heat-treated tension During the welding tests on Sample F, 
the location of failure and uniformity of specimens af ummarized in Table 4 the root pa vas made using 205- to 
hardness obtained with full heat 

treated specimens indicates that there 


is no particular zone of weakness in 
heat-treated weld joints in AMS 5616 Table 4—Results of Tension Tests at 800 F on Specimens Machined from 24-in.- 


Strength Tests of 24-in. Weldment Long Weldment of 2-in.-Thick AMS 5616 Stainless Steel 


As the results obtained in the welding 
tests on 6-in.-long samples appeared 
promising, a 24-in.-long weldment in hteduction 
2-in.-thick plate, Weldment Ek, was Condition Specemen® Elongation,” of area, % 
made to determine whether such length Welded and heat treated 141,000 I si) ) 28.4 
cooled to 177,700 11 04 
184, 200) 
166,000 38.4 
141,700 40 6 
from the welding electrode also were cooled to room 9 , ; 182 000 70 


> 


were weldable, and to determine the 
properties of the weld X-ravs of thi 
weldment revealed porosity in the weld 


perature 


blast 
Several particles of tungsten inclusions 1000 


noted. The weldment was heat treated perature @ 180. 200 5 
using the same treatment as was used 
for the small weldments After heat 


*U and L re present samples from the upper and wer portions of the weld reapectively 
treatment, tension-test specimens were 


machined from one portion ol the weld, 


° Transverse tension specimens had 3-in. gage length; remaining specimens had 2-in 


gage lengtl 
and the remaining portion was reserved Defect found at fractured surfaces 
for stress-rupture tests. The manner 4 Failed outside of weld 
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Thickness, in 2 

Length, in 6 

Joint Type Single-l 
groove 

Included angle, degrees i) 

oot radius, in 

Root land, in 

Root opening 0 

Shielding gas Argon 

Flow rate, cfh 40 


hlectrode Zirtung 
hleetrode 

Diameter, in ‘ 
Viller-wire 

Diameter, in 
Welding current, amp 


Hoot pass SOO S05 


Remaining passes 205 400 
Preheat temp, F 400 
Interpase temp, F 400 
Welding speed, ipm 26 


5—Conditions Used for Welding 2-in.-Thick Plates of AMS 5643 Stainless Steel 


Weldment 


H I 

2 2 2 
6 
Single-U Single-U Single-l 

groove groove groove 
15 5 
‘ ‘ 
0 0 0 
Argon Argon Argon 
40 40 
Zirtung Zirtung Zirtung 
205 300 205 300 300-365 
Varied 205 300 205-300 
70 400 400 
70-300 400 250) 400 
26 1'/,-4'/s 2-4'/ 


J K L 
2 2 2 
6 6 24 
Single-U Single-U Single-| 
groove groove groove 
45 
0 0 0 
Argon Argon Argon 
40 30 40 
Zirtung Zirtung Zirtung 
5 
400-305 315-500 205-500 
4000 305 310-315 205-500 
400 200-250 200-250 
300 2006-250 200-250 
1'/,-4 1'/,-4'/, 1'/,-5 


direct cur- 
Passes 


JOO-amp  straight-polarity 
rent; no cracks were observed. 
2 to 15 were made using 275 to 288 amp; 
no cracks were observed, Passes 16 to 
19 also were crack free and were made 
using 355 to 360 amp. Passes 20, 21, 
and 22 were made using 415 to 420 amp 
A '/¢in.-long longitudinal crack was ob- 
served near the middle of the weld in 
Pass 21. The welding current was 
lowered to 400-405 amp for the five 
succeeding passes. On Pass 26, a '/¢ 
in.-long longitudinal crack developed at 
the end of the weld. Again, the weld- 
ing current was reduced, this time to 
205-300 amp. Welding was continued 
at that welding current until the weld 
was completed. No further eracking 
was observed in the total of S81 passes 
The crnuck- 


weld 


required to make the weld 
ing observed occurred only in 
passes made with welding currents of 
10) amp or more. Consequently, the 


remaining weldments were made with 
welding currents below 400 amp, as 
shown in Table 5. In addition 
pass after the third pass, except the 
reinforcing passes, was peened to reduce 


each 


warpage. 
After radiographic 
weldments were heat treated and then 


inspection the 


machined into specimens for strength 
tests, metallographic studies, and hard- 
ness surveys 

Table 6 shows the hardness data ob- 
tained on both aswelded and heat- 
treated weldments of AMS 5643 alloy. 

Photomacrographs of polished and 
etched sections from Weldments F to J 
are shown in Fig. 4. Weldment I con- 
tains cracks in the heat-affected zone 
on each side of the weld. Figure 5 shows 
part of a crack at a higher magnification 
and shows that the crack is aligned with 
the ferrite stringers. Figure 6 shows an- 
other part of the same crack, in which 


Table 6—Heat Treatment and Hardness of AMS 5643 Weldments 


Hardness, Rockwell C 
Unaffected 


Weldment Heat treatment hase metal Weld 

As-welded 32.0-37 0 35.0-37.0 
G Welded and aged at 875° F, 1 hr, air cooled to room 

temperature 4119450 37 843.1 
i Welded and aged at 1100° F, 1 hr, air cooled to room 

temperature 35.9-37.3 33.0-38 0 
I Welded and solution treated at 1900° F, L hr, air 

cooled to room temperature, water cooled to be- 

low 60° F; aged at 875° F, 1 hr, air cooled to room 

temperature 18449 41.0-43.3 
J Welded and solution treated at 1900° F, 1 hr, air 

cooled to room temperature, water cooled to be- 

low 60° F; aged at 1100° F, 1 hr, air cooled to 

room temperature 85 .5-37.9 35.3-37.0 
l, Welded and solution treated at 1700° F, 1 hr, cooled 


to room temperature with an air blast; aged at 
1100° F, 2 hr, air cooled to room temperature 
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the failure follows along a series of fer- 
rite stringers. Hardness tests 
with a Knoop hardness tester showed 
that hardnesses of the ferrite stringers 
ranged from 263 to 282. The heat 
treated matrix near the stringers had a 
Knoop hardness range of 419 to 45s 
Examination indicated that the crack 
started in the high-temperature edge o! 
the heat-affected zone and propagated 
through the low-temperature edge and 
on into the material that was solution 
treated when the weld was 
Whether cracking occurred during weld- 
ing due to the high restraint or during 
subsequent heat treatment was not de- 
termined. However, it 
the cracking was related in some way 
to the ferrite stringers. 

Examination of the section shown in 
Fig. 4 indicated that as-welded and 
welded-and-aged contained 
zones Where some precipitation occurred 
near the low-temperature edge of the 
heat-affected zone. On 
the fusion line from the low-temperature 
edge of the weld joint, areas of precipita- 
tion-hardened, overaged, and solution- 


made 


made 


appears that 


samples 


approm hing 


treated structures were observed in these 
samples. On solution treatment, the 
precipitate was redissolved in the ma- 
trix, and uniform precipitation was ob- 
tained on reaging, as shown in sections 
from Weldments I and J. 


Strength Tests of Small Weldments 
Strength tests were made at 800° F on 
transverse tension-test specimens, 0.505- 
in.-diam, 2'/,-in. reduced section, show! 
in Fig. 2. Results of the strength test» 
on as-welded and welded and heat- 
treated samples are given in Table 7 
It is apparent that considerable in- 
provement in strength can be obtained 
by solution treating and aging at 875° } 
after welding. However, there was no 
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Weldmen! F 


= — 


as-welded; 


Weldment H: aged at 1100° F; 
improvement in elongation and redur 
tion of aren When 1100° F is used as 
the aging temperature, some improve 
ment in elongation is obtained w ith only 


a small sacrifice in strength 


Strength Tests of 24-In. Weldment 

After satisfactory weld- 
ing procedures in the earlier tests, a 
in 2-in.-thick AMS 


This sample 


determining 


weldment was made 
24 in 
was designated L, and the conditions 
Table 5 \ 
total of 57 passes were required to make 
the weld No 


of the passes during welding 


plate long 


for welding are given tn 


cracking was observed 
in any 

tadiographic inspection ol Welk 
a slight 
no cracks, tungsten in 


defects noted 


Iment 


L. disclosed onl) amount of po 


rosity in the weld 


clusions, or othe were 


Weldment L was solution treated at 
1700 | rather than 1900 I The 
reason for this change in solution 


vas the rather low 
strength test 


treating temperature 
ductility obtained in the 


be 
a 


Picral etch; X100 


Fig. 5 
to the weld. (Reduced by ' 


Marcu 


1956 


Weldment G: aged at 875° F; X1 


Weldment |; 
875° F; Xl 


solution treated and aged at 


of the small weldments Aving at 


1100° F also promotes higher ductilits 
than aging at lower te mperatures 

After heat treatment, tension speci 
mens were machined from the weldment 
is shown in Fig. 3 Results of strength 
tests at SOO” F on the tension specimens 
machined from the 24-in.-long weldment 
are given in Table 8 


Welding and Strength Tests of AMS 
5528 Stainless Steel 

As there wae 
for welding tests, only on 
welded. The 
highly 


9528 plate with an 


some delay in obtaining 


this material 
sample wa welding test 


restrained 2-in 


Wit made on 


thick AMS 


long single-U groove 


machined in it 


Root-pa elding was done using 
195- to 200-amp straight-polarity direct 
current The remaining passes were 


made using 300- to 305-amp straight 
current, and 250° J 


AMS 552s filler 


polarit direct 


interpass temperature 


wire in.-diam, was used in makin 


Crack on left side of weld in Weldment | showing start of crack adjacent 
» upon reproduction) 


| agi Vartin Stainless Steels 


Fig. 4 Sections of as-welded, welded 
and aged, and welded, solution- 
treated, and aged AMS 5643 weld- 
(Reduced by '/, upon repro- 


ments. 
duction) 


Weldment J: solution treated and aged at 


1100° F; XI 

ill weld pase Welding speed was 3 
to 5 ipm With the exeeption of the 
first three and the last five passes, all 


“ vere peened to reduce warp 
ure \ total ol 
juired to minke the 


weld passes were re- 
No cracks 
time during welding 
radiograph of the 


joint 


showed 
small 


weld 


ome cattered porosity and a 
amount of tungsten. The weldment 
was cut into two parts, Tension-test 

wes you... 2. 


Picral etch; 


Fig. 6 Another part of the crack 
shown in Fig. 5, showing the tendency 
of the crack to follow along the ferrite 


stringers. (Reduced by '/, upon re- 
production) 
pecimens and metallographic samples 
ere machined from one part for use in 
the a elded condition The remain 
ing plece was heat treated as follows 
FI hr, aur cooled to room tem- 
perature, water cooled to 60° F; aged 
it 1050° FF, I hr, air cooled to room 
temperature 


he hardness of the unaffected base 


metal increased from 83 Ry before heat 


en 
a 

‘3 
rae 

4 


Table 7—Results of Tension Tests at 800° F on Weldments of 2-in.-Thick AMS 5643 Stainless Steel 


Condition 


Aw-welded 


Welded and aged at 875° F, 1 br, air 
cooled to room temperature 


Welded and aged at 1100° PF, 1 hr, air 


cooled to room temperature 


Welded and solution treated at 1900° 
F, 1 hr, air cooled to room tempera- 
ture, water cooled to below 60° F; 
aged at 875° F, 1 br, air cooled to 
room temperature 

Welded and solution treated at 1900° 
F, 1 hr, air cooled to room tempern- 
ture, water cooled to below 60° F; 
aged at 1100° F, 1 hr, air cooled to 
room temperature 

Welded and solution treated at 1900° 
F, 1 hr, air cooled to room tempera- 
ture, water cooled to below 60° F: 
aged at 1200° F, 1 hr, air cooled to 
room temperature 


0.2% offset 
yueld 
strength, 


Tensile 


strength, Elongation 


Specimen® pet pat in 2 in., G 


105,000 700 
103 , 500 31,200 
800 37,700 
106, 500 34,500 

4,100 
119,200 32, 500 
115,000 , 100 
115,500 49, 800 
109, 500 22, 200 


106, 500 


106, 500 
111,500 


124,200 
120, 200 
000 


5, 200 
500 
800 


000 
103, 200 


Reduction 
of area, % Location of fracture 


s Weld and heat-affected zone 
° Weld and heat-affected zone 
It Weld and heat-affected zone 
12 Weld and heat-affected zone 
0 Weld 
6 Weld 
Weld and heat-affected zone 
Weld and heat-affected zone 
Weld, heat-affected zone, and base 
metal 
Weld, heat-affected zone, and base 
metal 
Weld 
Heat-affected zone and base metal 
Weld 
Weld 


Weld 

Heat-affected zone and base meta! 
Weld 

Weld and heat-affected zone 


Weld 


“ U and L represent specimens machined from upper and lower portions of the weldment, respectively. 
” Reduction of area was not measurable because of type of fracture 


* Specimen was cracked, 


# Specimen broke at 0.005 in. strain on rising load 


treatment to 46 Re after the heat treat- 
ment, 

The results of tension tests at SO0° F 
on as-welded and on welded and heat- 
treated samples are reported in Table 9. 

Weldments in AMS 5528 have rather 
low strengths in the as-welded condition. 
Heat treatment is required to develop 
high strengths. The properties of AMS 
5528 weldments should be compared 
with the properties of weldments in 


AMS 5643, where yield strengths greater 
than 100,000 psi were obtained in as- 
welded specimens. 


Welding Tests of AMS 5735 
Stainless Steel 

At the start of the investigation, AMS 
5735 was considered to be one of the 
most promising alloys because of its 
high strength at elevated temperatures. 
However, other investigators had found 


Table 8—Results of Tension Tests at 800° F on Specimens Machined from 24-in.- 
Long Weldment of 2-in.-Thick AMS 5643 Stainless Steel 


0. 2% offset 


strength, 


Condition Specimen* 


Welded and heat treated 
at 1700° F, 1 hr, 
cooled to room tem 
perature with an air 
blast; aged at 1100 
I, 2 hr, air cooled to 
room temperature 


103 ,000 
104, 500 
101,900 
106, 500 
105, 300 
104, 300 2,3 2.9 38.5 
103 , 800 2, 9 34.5 
106, 200 


Tenaile 
strength, Reduction 
or 


pst Elongation,? % of area, % 
113,700 0.8 25.0 

2 o oF 

7 14.7 

2 21 04 

7 35.6 


114,300 1 30.0 


“ U and L represent samples from the upper and lower portions of the weld, respectively, 
® Transverse tension specimens bad 3-in. gage length; remaining specimens had 2-in 


gage length 
© Defect found at fractured surfaces 
4 Failed outside of weld 
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that the alloy was susceptible to heat 
affected-zone cracking. 


Tests with AMS 5735 Filler Metal 


Preliminary welding studies of this 
alloy were started using a double-U 
joint machined in turbine-disk sections 
The argon-shielded tungsten-are proc- 
ess was used with 280-amp straight- 
polarity direct current and no filler 
metal. The root bead on the first side 
contained both porosity and an S-in.- 
long longitudinal crack. Welding on 
the other side of the joint produced a 
longitudinal crack the length of the 
weld. This crack is shown in Fig. 7 
A weld was made in 2-in.-thick AMS 
5735 plate with AMS 5735 filler metal 
and high restraint. All four passes 
were cracked; the cracks appeared to 
follow the dendritic pattern 

A test was made in a 2-in.-thick joint 
of AMS 5735 to determine whether a 
sound root pass could be obtained under 
conditions of low restraint. The root 
pass was made in a single-U joint using 
no restraint on the plates, a '/s-in. root 
clearance, and 250-amp straight-polar- 
ity direct current. The root pass, to 
visual observation, was crack free. 
However, cracking occurred in all sub- 
sequent passes, 

In an attempt to minimize the high 
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F-U | 
P-L 
K-1-U 
K-1-L 4 
G-L 5 
K-2-U 10 
K-2-L 5.5 
H-L 116,200 ‘ 
K-3-1 121,600 
K-3-L, 125, 500 70 
I-U 113,000 
I-L 161,000 3.5 
K-4-U 161,000 10 2 
K-4-L 160, 800 15 8 
: J-U 131,000 3.5 
J-L 12 134,250 7.5 26 
K-5-U 120,750 05 31 
K-5-L 128, 800 70 
K-6-U | 109, 500 9.0 32 
K-6-L 115,500 13.0 36 
yield 
ps 
LA-2U 
LA-2L 
LB-2L 
LC.2U 
LC-2L 
LD-2U 
LD-2L 


Metallographic and X-ray diffraction 
Table 9—Results of Tension Tests at 800° F on Weldments of 2-in.-Thick AMS 5528 studies were made of AMS 5735 weld- 


Stainless Steel ments and base materials to try to find 

0 2% the causes of cracking. The ‘ metal- 

affect lographic studies were made of AMS 

wield Tensile Location 735 plate in various heat-treated con- 

Desig- strength, strength, Elongation Reduction of ditions The specimens were in the 

Condition nation” ps pat in2in., % of area, fracture solution-treated, aged overaged, and 

As-welded { 64,500 85, 500 5 5 15.0 Base metal overheated conditions Figs. 8 through 

L, 17 , 800 75,500 16.0 58.0 Base metal 11 show the structures of AMS 5735 

Welded and heat { 136,000 144,000 1.5 1.8 Weld ifter various heat treatments. The 
treated at 1400° F J 131,500 141,300 1.2 Weld 


specimen in the overheated condition 


I hr, air cooled ontained intergranular cracks, as shown 
to room tempera- 

in ] iv 12 
ture, water cooled 


to below 60° I rhe most important feature of these 
aged at 1050° F photomicrographs is the secondary 
1'/, hr, air cooled phase in the grain boundaries of the 
to room tempera overheated specimen (Pig. 11). It was 
ture believed that the grain-boundary con- 
stituent which appeared in the over- 
’ U and L represent specimens from upper and lower portions of the weldment, respe: he sted specimen tight be the cause of 
tively the hot shortness. An attempt was 
Defect found at fractured surfaces made to determine the composition of 
this grain-boundary phase 
shrinkage stresses obtained during the sition in another test. Although crack X-ray diffraction examination of the 
welding of 2-in.-thick plates, the weld ing was not eliminated by this procedure polished and etched surfaces of speci- 
bead was peened immediately after depo the amount of cracking decreased mens in th inious heat-treated con 
ditions showed only the diffraction lines 
of the base metal. Therefore, it was 


necessary to extract the grain-boundary 
ise or phases for X-ray examination 
mechanical removal after deep etch 
ing Attempt to extract the grain 
boundary phase mechanically were suc- 
esstul only for the specimen overheated 
it 2450" J An X-ray sample obtained 
by probe removal of the grain-boundary 


material of tl pecimen showed a 
strong pattern of Piles 
Phe observed incipient melting in the 


grain boundaries could not have oe- 
curred with Til 


vhich has a melting 


point of 2786 J However, there is a 
s-weide eutectic between iron and TiTe, at 
Fig. 7 Longitudinal crack in root pass of 2-in.-thick AMS 5735 stainless steel proximately 86 w/o iron. The eutectic 


= 
~ * 
4 HCI:1 HNO, etch; X500 4 HCI: 1 HNO, etch; 
Fig. 8 AMS 5735, solution treated at 1800° F, 1 hr, oil Fig.9 AMS 5735, aged at 1325” F, 8 hr, air cooled 


quenched 
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4 HCI: 1 HNO) etch; X500 


Fig. 10 AMS 5735, overaged at 1500° F, 8 hr, air 


cooled 


temperature is 2390° ‘This tempera- 
ture is probably low enough to cause hot 
shortness 

It would appear from these results 
that the cracking of restrained weldment 
in AMS 5735 may be due to the pres- 
ence of Tikes As the presence of ti- 
tanium is essential for age hardening 
in this alloy, it would appear that crack- 
free weldments cannot be obtained when 
high restraint and AMS 5735 filler 
metal are used. The only possibility 
appears to be the use of another alloy 
for filler metal 


Tests with AMS 5528 Filler Metal 

As cracking was obtained in every 
test in which 2-in.-thick AMS 5735 was 
welded using AMS 5735 filler metal, 
tests were made using AMS 552s filler 
metal. This alloy was used because 
it was thought that a hardening heat 
treatment could be found whieh would 
work for both weld metal and base 
metal, The initial tests indicated lower 
susceptibility to cracking with AMS 
5H2s filler metal, but cracking was not 
eliminated. A test was made using 
peening immediately after deposition of 
each weld bead, This hot-peening pro- 
cedure appeared to eliminate cracking 
Therefore, a weldment was made in 
2-in.-thick AMS 5735 using AMS 
filler metal and hot peening 

The conditions used to weld this 
specimen were similar to those used for 
AMS 5616. A single-U joint was used 
Argon shielding was provided, 50 cfh to 
the underbead area during the first pass 
and 30 efh through the torch No pre- 
heat was used, and a maximum inter- 
pass temperature of 250 F was main- 


tained. Starting with the second pass, 


4 HCI: HNO, etch; X500 


Fig. 11 
water quenched 


peening Was done immediately following 
the weld pool 

The only cracking recorded was in the 
root pass, '/, in. from the beginning of 
the pass and */y in. long. In all, 45 
passes were used to fill the joint 

After welding, four 7/,-in.-thick speci- 
mens and three '/,-in.-thick specimens 
were cut from the weldment transverse 
to the weld. An inspection using a dye 
penetrant was made on the cut samples 
machined from the weldment. The 
inspection showed porosity in the weld 
metal and cracks along the fusion line 

These tests showed that it was pos- 
sible, using AMS 5528 as filler metal, to 
deposit a sound weld in AMS 5735 
However, the cracking in the heat- 
affected zone was still severe, and, until 
this can be overcome, there appears to 
be little hope that sound thick-plate 
weldments can be obtained in this alloy 


Discussion of Results of Welding 
Investigation 

Results now available on the welding 
characteristics of the stainless steels in- 
vestigated indicate that highly restrained 
thick plates of both AMS 5643 and AMS 
5616 stainless can be welded satisfac- 
torily using the conditions outlined in 
previous sections, Although the welds 
were peened, the exact effect of peening 
was not determined. It was found that 
the strengths of weld joints in the AMS 
5643 alloy and in the AMS 5616 stain- 
less steel could be improved by post- 
welding heat treatment 

From the small amount of work done 
with AMS 5528, this alloy also appears 
to show promise in its ability to be 
welded in heavy sections under high 
restraint 
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AMS 5735, overheated at 2450° F, 15 min, 


Aqua regia etch; X100 
Fig. 12 Crack in overheated AMS 


5735 stainless steel. (Reduced by 


upon reproduction) 


The AMS 5735 alloy did not appear 
to be promising in the welding tests 
Several weldments were made in ‘s-in.- 
thick plate and appeared to be satis 
factory. However, in heavy plate 
highly restrained, attempts to weld the 
AMS 5735 alloy were entirely unsuccess- 


ful. 
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CONTROLLED LOW-TEMPERATURE STRESS 
RELIEVING OF PRESSURE VESSELS 


Tests indicate that controlled low-temperature 
stress-relieving process is a practical method of 


stress-relieving large structures, 


field erected tanks 


and final assembly welds of pressure vessels 


BY T. W. GREENE AND C. R. MCKINSEY 
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Fig. 2 Controlled low-temperature stress-relieving 
equipment in operation on longitudinal weld 


bands on each side of the weld to a 
relatively low temperature? 

The reduction of residual stress by 
mechanical straining is illustrated sche- 
matically in Fig. 1A. It is assumed that 
the weld metal contains longitudinal 
residual yield strength 
magnitude, represented by point A. 
It is also assumed that the stress in the 
huse plate on either side of the weld is 
zero, represented by point O. (Ae- 
tually, the base metal contains residual 
tensile stresses immediately adjacent to 
the weld and relatively low residual 
compressive stresses farther from the 
weld, Ata point approximately 3 to 5 
in. from the weld centerline, the residual 
stress is zero.) 

If the weldment is placed in a tensile 
machine and a longitudinal tensile force 
of the proper magnitude is applied, the 
weldment will be elongated “e"’ inch per 
inch. The base metal is stretched to 
point 2’, but the applied force is not 
sufficient to cause plastic flow, since the 
stress is less than the yield strength 
The weld metal is strained the same 
amount, but the strain is in the plastic 
range, since the weld metal initially 
yield 

the 


stresses of 


contained residual stresses of 
strength magnitude, Therefore, 
weld is stretched to point B 

If the load is then released, the base 
metal relaxes to point O, since the strain 
was purely elastic. The weld metal is 
an integral part of the structure, and it 
inch per inch and 
reaches equilibrium at a lower 
level, represented by point C. 

In this illustration, the reduction in 
residual stress is numerically equivalent 
to the applied tensile stress. If the 
weld metal initially contains residual 


also contracts 
stress 


146-s 


marks on the inside 


Fig. 3 Photograph of the 


temperature-indicating 
of the tank three days after 


stress-relieving treatment 


81-0" 


PROPANE TANK 


In 


Final Tie- 


50° -4-1/2" 
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Inside 


Fig. 4 
Section A-A 
Submerged arc welds 


diam rod 
20- x 200-mesh granular material 


Inside weld (first) 

1020 amp, 37 v, 12-14 in. per min 
Outside weld 

1100 amp, 37 v, 10-12 in. per min 


nside weld-first 


Section B-B (Tie-In Weld) 
Inside weld- manual (first) 


First pass \,-in. diam electrode 
Second and third pass '/;,-in. diam electrode 


Outside weld-submerged arc 

'/ in, diam rod 

20- x 200-mesh granular material 
1250 amp, 37 v, 6-7 in. per min 


Welding Sequence 
Inside longitudinal seams of the two sections of tank 


Inside circular seams of the two sections of tank 


Outside longitudinal seams of the two sections of tank 
Outside circular seams of the two sections of tank 

Inside manval weld joining the two sections of tank 

Outside submerged arc weld joining the two sections of tank 


Identification of Plugs for Stress Measurements 


3 and 4 (as-welded) drilled from seams before stress-relieving 
, 6,7 and 8 (stress-relieved) drilled from seams after stress-relieving 


and 7 drilled approx. 180° from plugs @ | and 3 
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Two 6-in. wide flame-priming heads are used, an 
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Table 1—Optimum Conditions for Low-Temperature Stress-Relieving Butt Welds 


tensile stresses somewhat lower than 

: the yield strength, a portion of the 

Distance ipplied load w be used to raise the 
hetemsen tress to the vield strength and the re- 


flame maining applied load will cause plastic 
heads and deformation and subsequent stress re 
voling ef 
thee deat It may be questioned whether the 
ibove ipplicable to weld- 
ents ise of the stress gradients 
6-8 
nvolved, but it has been demonstrated 
6-8 
experimentally that residual stresses 
G8 can be reduced by mechanically streteh- 
ing a Wweldment in a tensile testing 
mimetnrieally 
I hine and that the numerical redue- 


Fig. 2 
tion in residual stress i approximately 


a 
n 


Note 2 The tip-to plate distance may var from to | i 
equal to the ipplied tensile stress. 

* Prom Greene and Holshew It then remains to be determined 
whether the necessary increment of 
strain can be obtained under the con- 
litions used in low-temperature stress 
relieving \s stated before, in applying 
this proce a 6-in. wide band on each 

He t t side of the weld is heated to 350-400° F 
tion The heating torehe are spaced as 
shown in Fig. 14. so that a 4-in. wide 


containing the weld is not directly 


the 


iren 
heated b torehe 


kor purpose ol inalysis, it is assumed 
that the 4-in. wide weld area contains a 
uniform residual tensile stress of 45,000 


pel, Which is equal to the yield strength, 


ind that the heated area contains no 
residual stre thu unplying an 
finite stre gradient at the boundaries 


It i 


residual 


umed that the reduction in 
tres 
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numerically equivalent 


to the appled stre 

Suppose it desired to reduce the 
residual stre in the weld area, Ay, to 
zero, Since the reduction in residual 
“tre equal to the ipplied stress, the 
weld must be straimed 
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required to strain the weld 


heating an area on each side of the weld, 


Phe force 


2 wen per inch is obtained by 
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Fig. 5 Residual stresses in direction longitudinal to welds 


Uckinsey 
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The total heated area, A», is three times 

the weld are 1 4A,). Since the 

= _| entire aren, Ay + Ay, must behave as a 
unit, the total force must be sufficient 

tostrain the entire area 0.0015 inch per 

inch The tre required to obtain 

this strain is 45,000 psi, However, 

we ~T this stress must be developed by heating 
iren A hie , of the total area 
Pherefore, the force which must be de 

eloped is equivalent to a stress in A, of 


000) 60,000 pai 


developed by thermal 


i per 
thermal 
eh per I 


pansion, 


then S/K aT’, and 
Therefore, the tempera- 
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As-We lded 
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Transverse Stresses 
Fig. 6 Residual stresses in direction transverse to welds 


ture 7’, to which area Ay must be heated 
to stretch the total area O.0OLS inch 
per inch is 


8 60,000 
Ra 3 X 10° 6.5 x 
SOR” 


Thus, the area in the base metal must 
be heated to 308° PF 
temperature to completely 
the residual stress in the weld 

Again, it may be questioned whether 
this 
because of the complex stress and tem- 
perature gradients involved during ap- 
plication of the process. However, it 
has been demonstrated experimentally 
that temperatures of 350 to 400° F are 
sufficient to achieve almost complete 


above the ambient 
eliminate 


simplified analysis is applicable 


elimination of residual stress in weld- 
5 


ments 


LAS-s 


In practice, controlled low-tempera- 
ture stress relieving is accomplished by 
simultaneously and progressively heat- 
ing two 6-in. wide bands, one on each 
side of the weld, with 6-in. wide multi- 
flame oxyacetylene stress-relieving 
heads. The middle of band is 
about 5 in. away from the centerline of 


each 


}—4 
Strees-Relteved 


Stress - 1000 pei 


Res 
S 


Long) tudines 


Inter- 
sectiune 


virth 


orem 


Average Longitudinal 
Stresees 


Fig. 7 Average longitudinal residual 
stresses in three tanks 


the weld, leaving about 2 in. each side 


of the weld centerline unheated. The 
speed of travel is dependent upon the 
plate thickness and is regulated to give 
the proper width and temperature of 
heated bands. Uniformly low 
stresses are obtained when the heating 


residual 


conditions are controlled to produce a 
5- to 6-in. wide band heated to 350° F 
and a narrower band heated to 400° | 

The plate should not be heated to 
150° F, as this results in excessive resid- 
ual compressive stresses in the weld, 
with residual tensile stresses imposed in 
the plate outside the weld. The heated 
areas should be cooled with water or an 
air-water mixture 6 to 5 in. behind the 
advancing flames. This the 
accumulation of heat which might cause 
distortion in the structure, and facili- 
tutes the expansion of each successive 
heated increment by the 
bucking thermal expansion force of the 
area just passed. The weld 
cooled between the advancing flames, 
but this is of much less importance than 
cooling the heated area at a proper dis- 
tance behind the flames. A photo- 
graph of the equipment in operation is 
shown in Fig. 2, 
ditions for stress relieving butt welds in 
ordinary steel plate are given in Table |" 
for plate thicknesses from '/, to 1'/, in 

The inspection and control of low 

temperature relief 
since the only important variable du 

ing the operation is the speed of travel 
The application of temperature-in- 
dicating crayons or lacquers to the 
underside of the joint before heating 


prevents 


removing 


may be 


and the optimum con- 


stress are simple 


Table 2—Mill Test Report 


Firebox Quality ASTM A-212 Steel 


Thick- Lh per aq in 
ness, Yield Tensile 
im strength strength 
Shell plate / 13,600 74,500 
Head plate L"/ve 11,700 78,700 


% 
Elonga- 

tion 

in Vn, Si P. S, 

Sin % % % % % 

24.7 028 068 021 0.018 0 028 

27.7 026 0.75 021 0 022 0.03 
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PART A—LOW-TEMPERATURE on wed. The results 
temperature stress for wellel  STRESS-RELIEVING BUTT WELDS hown in and it is apparent 
emper e stress rel ing tor welder vere of the a 1e order 
ships has been demonstrated,’ but its Experimental Procedure 


application to large velded pressure The propane tanks were 8 ft in diame 
vessels had not been completel @x und 5O ft 4 n. in over-all length Discussion of Results 


Fig. 3. The descaled steel in the path measurement of distortion and (C 


of the stress-relieving torches serves to stress ‘heving welded plugs 


f magnitude iws of both sizes 


plored Therefore, it was decided ) he w nekn vas ? in., and the The residual stre measurements tor 


apply the process experimentally to ‘ we . in. thick These ih tank are listed in Table 4, and the 
three large propane tanks during con ike 4 ined for 200-lb working rag uit for all three tanks are 
struction. The results of these tests res and re constructed of ASTM hown in The results are 
are presented in this paper \-212 steel ing & minimum tensile hown graphical us. 5, 6 and 7, 
in the as-welded 


te consistent and 


¢ longitudinal diree- 

Table 3—Effect of Plug Size on Residual Stress Measurements, Tank No. | ere higher for the 
highe 

Average stren longitucina i eames than for the 

Lon yludinal to weld nave ¢ to weld ew nileret iveraging about 

in pai fo former and about 

Condition Sin, dian Dian Change dian diam Change } ai fo : ittes The stresses 
As-welded 14, 800 4,500 650 1450 i ons were not signifi- 
Stress re 5 300 7.200 1000) 200 1200 ‘ ly differ om other points on the 
lieved ims remote from the 
should be noted that 


* Positive stress indicates tension: negative stress indicates compression f ire pl nted in relation to the 


Maren 1956 Greene, McK insey—Stress Relieving 119-s 


SOY 

/ 

Uy, 

PR 

ter 
I ere rewe 
: tess cleved, 
vere deternined by 
10 ut four similar 
Plug Weld hin «Plug *Weld 2 ime & tne original plug 
€ € Dist. from weld € Dist. from weld tification of the 

Fig. 4 


Longitudinal to weld 


Table 4—Residual Stress Measurements 


Residual stress,* psi 


Plug 
No hao ation 
Head seamt 
2 Intersectiont 
4 Girth seamt 
Longitudinal seam 
5 Head seam 
6 Intersection 
7 Girth seam 
s Longitudinal seam 
l Head seam 
2 Interne« tion 
Girth seam 
Longitudinal seam 
5 Heod seam 
6 Intersection 
7 Girth seam 
5 Longitudinal seam 
Head seam 
2 Intersection 
4 Girth seam 
1 Longitudinal seam 
5 Head seam 
Intersection 
7 Girth seam 


Longitudinal 


9, 300 


Inside Outaide Ang 
Tank No. |, as-welded 
66, 600 23,000 4,800) 
59, 800 11,700 35,7500 
51,800 20,000 36,350 
51,000 66,000 58, 500 
Tank No. |, stress-relieved 
13, 500 —2,900 5,300 
0,900 5,200 7,550 
9, 500 ~4,200 2,650 
18, 200 4,000 11,100 
Tank No. 2, as-welded 
36, 600 16,800 26,700 
51,700 20, 000 35, 850 
51,700 16,000 33,850 
15,100 50, 400 17,750 
Tank No, 2, stress-relieved 
15, 300 ~4,100 5, 600 
—4, 800 — YOO 2,850 
~6, 500 —7,100 800 
16,700 7,100 11,900 
Tank No. 3, as-welded 
22,600 21,000 21,800 
52,600 16,400 34,450 
59,300 20, 500 39,900 
46,400 18,800 17,600 
Tank No. 3, stress-relieved 
12,300 ~5, 200 3,550 
~ 2,400 — 400 ~1,400 
~7,900 ~ 13,300 ~ 10,600 


1,000 5,150 


Transverse to weld 


Inside Outside Avg 
36, 000 — 40, 000 
31,400 — 42, 00 t 
24,700 — 40,000 
3,300 47, 500 25, 400 
—5, 300 — 1,200 —3,250 
19,300 — 2,600 8,350 
—1,350 2,000 325 
— 2,800 7,150 2,125 
36, 200 — 31,800 t 
26, 400 — 33, 500 
26, 400 — 37,900 { 
6, 600 — 2,300 2,150 
1,450 —1,700 1,375 
8, 200 —6, 000 1,100 
—5,700 12,500 3,400 
—6§, 400 10,500 1,950 
23,800 — 45,000 
26, 700 —31,700 t 
29,000 — 40, 200 t 
—4,700 — 3,700 —4, 200 
—4, 00 — 10,300 —7,450 
— 14, 100 ~ 17,400 15,750 
— 12,900 —2, 200 —7,550 
~5, 600 3,100 1,250 


* Positive stress indicates tension; negative stress indicates compression 
1 Stresses longitudinal to weld are circumferential to tank. 


direction of the weld, so that longitu- 
dinal stresses in the girth seams would be 
circumferential to the tank. 

The stresses transverse to the longi- 
tudinal weld seams were generally quite 
low, and in some cases were residual 
compression, There was evidence of 
bending at the circumferential joints, 
since the transverse stresses were in 
tension on the inside of the tank and 
surprisingly high in compression on the 
outside, ‘This may be explained by con- 
sidering the circumferential welds as 
shrinking bands which tended to deform 
the tanks inward and thus imposed a 
bending stress transverse to the weld 
and longitudinal to the tank 

After stress relieving, all the residual 
streases were reduced to low values. 
As shown in Fig. 5, the longitudinal 
stresses were not only reduced in mag- 
nitude but the streas gradient between 
the inside and outside surfaces was also 
significantly reduced. This is even 
more apparent in Fig. 6, where it is 
shown that the high stress gradient 
caused by the bending stresses trans- 
verse to the welds was essentially elimi- 
nated, and that the magnitude of the 
remaining stresses approached zero. 
The results were quite consistent 


150-s 


t No average, since measurements indicate bending. 


among the three tanks, as indicated by 
the dafa in Table 5, and the average 
values for the longitudinal stresses are 
depicted in the bar chart in Fig. 7. 
These resulta thoroughly demonstrate 
the applicability of the stress-relieving 
process to structures of this type. 


PART B—MEASUREMENT OF 
DISTORTION 


In conjunction with the stress meas- 


urements on tank No. 3, an attempt 
was made to measure any distortion 
produced by the low-temperature stress- 
relieving process. Since measurements 
of changes in the diameter or circumfer 
ence would obviously be inadequate, « 
pattern of gage marks, made with a No 
55 drill, was laid out on the welds and 
in the adjacent plate. Measurements 
were made with a 2-in. 
strain gage, accurate to less than 0.000! 


mechanica! 


Table 5—Summary of Results from Three Tanks 


Average residual stress,* psi-—- —- 


Longitudinal to weld 


Tranaverse to weld 


Location Min Maz Avg Min Max Avg 
As-welded 
Head seam t 21,800 44,800 31,100 t 
Intersection f 34,450 35,850 35,350 t t t 
Girth seam t 33,850 39,900 46,700 z 
Longitudinal seam 417,600 58,500 51,283 —4,200 25,400 7783 
Stress relieved 
Head seam 3,550 5,600 41,817 —7,450 1,375 —3108 
Intersection —2,850 7,550 1, 100 —15,750 8,350 —2100 
Girth seam —10,000 2,650 —4,917 —-7,550 3,400 —1275 
Longitudinal seam 5,150) 11,100 9,383 —1,250 2,125 942 


* Positive stress indicates tension; 


negative stress indicates compression. 


+ Stresses longitudinal to weld are circumferential to tank. 


t No averages; see Table 4 
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Table 6—Distortion in Welds and Adjacent Heated Areas During Low-Temperature Stress-Relieving Treatment 


Distance Longitudinal lo weld Distance ] anate e to weld 


from I newle Outside from In le le 
weld surface, irface 11% ueld surface irface Avg, 
im im in in im nm in wn nm nm 
Longitudinal seam 
OOOL* +0 0 Across OOL10 0 OOO 0 
weld 
2 +0 OOO! LO +0 0008 1-3 0 0002 0 0 OO05 
+0 OOOS +0 OOOS +0 OO04 0 OO10 0 OOO4 
+0 OOO] +0 OOO4 +0 OOO2 5-7 +0 OOOS 0 0004 
+0 +0 0004 +0 0008 O00! +0 OOO! +0 
10 +0 QOO02 +0 0008 0. 0008 0 0006 +0 OOO! 
12 +0 +0 +0 0008 11-13 0002 0 OO05 +0 OOO! 
Girth seam 
weld 
2 +0 OOO2 +0 0006 +0 0004 1-3 0 0009 0 
0 OOO1 +0 5 0 OOL0 0 0007 
0 0003 +0 OOO4 0 5-7 0 0004 0 OOL1 0 OOO7 
0 +0 OOO3 +0 OOO] 74 +0 OO05 0 0 
10 0 +0 OOOS OOO 0 +0 OOO? 
12 0 0007 0002 0 11-18 0 OOO4 +0. 0002 
* + Indicates elongation, — indicates contraction 
t Longitudinal to girth seam is circumferential to tank 
inch per inch. Readings were taken ,in. A 36-in. diam opening was to be ets of gage The residual stresses in 
before and after stress relieving, both cut into this tank, and the experiments the as-welded state were thus deter- 
longitudinally and transversely to the were made in the center of the material mined 
welds which was subsequently to be removed 4 3'/;in. diam plug was then 


The results are shown in Table 6, and 
it is apparent that no significant distor 
tion was produced by stress relieving 


The steel plate had the following tensile 
properties 


rewelded into the opening, X-rayed and 
relieved, The 
was accomplished by 


low-temperature stress 


etre relies 


ing 


In fact, the measured strains were gener Y ield strength, psi 35, 800 making first a longitudinal and then a 
ally less than one-third those that would ensile strength, psi os, 100 circumferential pass around the plug as 
Per cent ¢ longation in Sin 27 


accompany the application of the work 


Thus, relief of 


residual 


shown in Fig. 8, using manually oper- 


ing pressure. . ated stress-relieving equipment, The 
stress was accomplished, as discussed A circular plug, 2'/2 in. in diameter, two 6-in. wide torches were positioned 80 
earlier, without accompanying distor was first torch-cut out of the */,in that the edges of the heat bands were 
tion. thick plate. The plug and opening were about 2 in. outside the weld. The 


PART C—STRESS RELIEVING 


beveled, and the plug was.rewelded into 


the plate and then X-rayed. Strain 


peed of travel was about 1h ipm for the 


~in. thick plate, and produced 6-in, 

WELDED PLUGS gages were applied both inside and out vide bands of 350% F and 4-in. wide 
A brief experiment was made to deter side to measure the residual stresses in bands of 400° F. with no indication of 
mine the effectiveness of low-tempera both the longitudinal and circumferen moe | Ihe residual streases after 


ture stress relieving when applied to 


tial directions Gages were located 


were then measured at 


tress reneving 
plugs, such as those welded into the both at the center of the plug and on the the center of the plug and in the weld 
3-in. diam openings drilled for stress weld. After original strain readings as before. and also in the area under the 
measurements. These tests were made were taken, a 3'/,-in. diam plug was heating torches to determine whether 
on a smaller tank, 4 ft 6 in. in diameter drilled out and subdivided, by hand inv additional stresses had been intro- 
and 10 ft long, with a wall thickness of sawing, into elements containing the duced 
he resulte are listed in Table 7 and 
re shown graphically 1 together 
Table 7—Stress Measurements on Welded Plugs ad Vig. 8, th 
with the layout of the gages. They 
Residual streas,* pa llustrate that the residual welding 
Longitudinal lo tant Circumferential to tank etre vhicl had approached yield 
Location Inside Outside 77] Inaid Outside Avg trength tension in all directions, were 
As-welded reduced to very low values Moreover, 
Center of plug 39, 400 22,400) 30, 900 8, 200) 28, GOO 13, 560 no stresses of significant magnitude were 
Center of weld 38 800 25.500 32.150 300 =626,, 000 12,650 introduced into the plate area heated by 
Stress-releved the stress-rely ing torches 
Center of plug 7,500 6, 200 6,850 8, BOO) 6,700 7,750 P 
Center of weld 6, 800 2,200 1, 500 13,100 4, 200 8,650 Su Conclusions 
Heated area, 2 in Residual tensile welding stresses hav- 
from weld 1.600 1,600 17,400 11,400 ng a magnitude ipproaching the vield 
Heated area, 4 in strength of the material were measured 
from weld 0 5, 600 2, 800 YON) 6, 800 3, 850 in head sea yirth seams, longitudinal 
seul ind intersections of girth and 
* Positive stress indicates tension; negative stress indicates compression longitudinal seams in three pressure 
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vessels constructed of ASTM A-212 
steel. The results were consistent 
among the three tanks. 

The residual welding stresses were 
reduced to low values in all welds by 
the controlled low-temperature stress- 
relieving process, and the results were 
consistent among the three tanks. 

No significant distortion was intro- 
duced by the controlled low-tempera- 
ture stress-relieving treatment, and no 
significant residual stresses were intro- 
duced into the heated zone in the base 
plate. 

The high residual tensile stresses in 


welded plugs were reduced to negligible 
values by application of this process. 
Based on these and other tests, it is 
apparent that the controlled low-tem- 
perature stress-relieving process is a 
practical method of stress relieving 
large structures, field-erected tanks, and 
final assembly welds of pressure vessels. 
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INTERNATIONAL INSTITUTE 


OF WELDING MEETINGS 


The American Council of the International Institute 
of Welding announced that the next two annual meet- 
ings of the Institute will be held in Madrid, Spain, July 
1-8, 1956, and in Essen, Germany, June 20-July 6, 1957. 

The open public session of the Madrid meeting will be 
on the general subject of “ Welding as an Aid to Produc- 
tivity.” The open session of the German meeting has 
not yet been determined, It will probably be on some 
phase of metallurgical developments in welding. 

The official business of the International Institute of 
Welding is handled through a number of Commissions 
of which there are 15. Although the United States has 
official representatives on these Commissions, it is pos- 
sible to appoint “experts” to attend any particular 
Commission meeting and participate in the discussions 
Any member of the AmMertcan WeLDING Soctery or the 
Welding Research Council who desires to participate in 
these activities should communicate with the secretary 
of the American Council of the L.1.W., W. Spraragen, 
20 W. 39th St., New York 18, N. Y. 

A list of the Commissions and the official United 


States representatives are: 


Greene, McKinsey 


C'ommission 

Gas Welding and Allied Processes 
Zimmerman 

Are Welding —John J. Chyle 

Resistance Welding T. Embury Jones 

Documentation 

Testing, Measurement and Control of 
Welds A. Gobus 

Terminology —M. A. Cordovi 

Standardization A. N. Kugler 

Hygiene and Safety-—H. F. Reinhard 

Behavior of Metals Subjected to Welding 
R. D. Stout and D. P. Brown 

Residual Stresses and Stress Relieving 
T. MeLean Jasper, W. Spraragen, 
Alternate 

Pressure Vessels, Boilers and Pipelines 
Arthur R. Gatewood, H. C. Boardman 
Alternate 

Special Are Welding Processes 
Sullivan 

Fatigue Testing—A. M. Freudenthal, 
pert—LaMotte Grover 

Welding Instruction—Prof. Harry Udin 

Fundamentals of Design and Fabrication 
for Welding —A. Amirikian 
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ANALYSIS OF THE DIRECT-CURRENT 


Mechanism of power transfer to the anode, the formation 


and extent of the cathode region and the 


power dispersal in the arc are some of the 


phenomena which are evaluated and discussed 


BY ALAN D. MORRIS AND WILLIS C. GORE 


SUMMARY. An analysis of the thermi- 
onic electric are, based primarily upon 
interpretation ol calorimetric data, is pre 
sented. Phenomena within the are which 
are evaluated and discussed include the 
mechanism of power transfer to the anode 
the formation and extent of the « ithocke 
region, the power dispersal in the are and 
the effect of cathode electrode 
upon the are Data are representative ol 
the test configuration only 
flow state is obtained 


variations 
when a stead 
ind it is shown that 
many) 
are were 


prior investigations of the electri 


hindered by nonequilibrium 


« onditions 
Introduction 


Although the electri 
jected to numerous investigations, no 


are has been sub 


integrated explanation of the are mech 


anism is available. Current trends in 
vork of 


and others \ 


calorimetric approach, while not new 


are research are typified by the 


Sper trosc opists' 


was used in this work to obtain data 
whose interpretation led to an under 
standing of the are behavior 

A direct-current shielded-welding ar 
was the configuration utilized. How 
ever, present-day interest in the are is 
not solely derived from commonplace 
applications in welding, electron tubes 
lighting and rectification, but also from 
heing found The 
tandard 
volatili 
zation" and the anode crater of such an 


new uses that are 
iow-current carbon are is a 
means for spectroscope sample 


are provides an excellent 


infra-red absorption spectroscopy 
Inert-gas arcs are used by biologists™ 
and metallurgists." 

The are analyzed was unique in that 
it could be made to burn at voltages be 
low the ionization potential of the am 
bient gas As Finkelnburg! points out 
these low 


presence of ele« trode metal 


voltages are not due to the 
vapor in the 


discharge carrier, whose ionization po 


tential lies between that of the meta! 


and that of the ambient gas Contrar’ 


Alan D. Morris and Willis C. Gore are associated 
with the School of Engineering, The Johns Hopkir 
Md 


Universit Baltimore 
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Fig. 1 


to the enterwr 


Reference 17, p. 463), the 


proposed by Compton 
cathode fall 
ol potentia for this are may be con 
siderahl es than the jonization 


tential of the ga 


Instrumentation 

The prime effort in this investigation 
vas directed toward the determination 
of the power evolved at the electrode 


of an are as a function of the voltage 


applied, electrode separation, eleetrode 


materia ir 


hoped that tl 


i the ambient gas It wa 


iantities, when found 


furnish an important clue to 


understanding the arc mechanism 


To procure these results, a calori 


metru ipparatu was conceived and 


instrumented as shown in Figs. 1, 2 and 


3 For convenience and in order to 


serve a turn, a gas-shielded 


pr 
welding torch was en ploved as the cath 


ode mount This torch provided ir 


it 
compact assemb the facilities for gas 
a} iding ele ctrode upport water cool- 
Interchange 
allowed the use of 0.04-, '/:¢, 


and '/,-in. diam cathode rods, and 


ing and a current path 


able collet 


V orris. Gore Direct('urrent Are 


Over-all view of experimental apparatus 


to em 


made o 

eeraml A, 

i ga flown 

fot thy com 
hich maintas 


iriations in 


sur inte 
ill onstl 
} n } 
plug 
figuration Wa 
nition 


iwht of the 


ARC 


furnished in sizes appro 
h electrode size and were 
nickel-plated copper or of 
npanying the torch was 
eter-regulator, calibrated 


mercial flow-rate range, 
ned constant flow despite 


linder pressure 


d by the torch was a spe 


well-cooled copper 
enter was a tapered, re 
the anode The con 
closely akin to weld 
on a flat surface where 
traight 
ectrode 


then 
polarity non- 
methods are em- 


i over-all view 


shows the 
etric apparatus to the 


argon cy linder 


Centrally located are the optical bench 


d controls and a 


i the Baird grating spectro- 


table past the spectro 
electrical meters, welding 
high 
turter Seen from the 


ont bench rider is a eali- 


j } 
ig 
direct-curre 
poyed 
Figure 1, a: 
entire calor 
immediate 
graph; on t 
graph are the 
frequen fil 
j 153-s 
: 
A : = 


brated projection screen upon which a 
10X are image was placed to facilitate 
separation adjustments. Since the im- 
age could be racked vertically across 
the screen, any desired portion of the 
arc wae selected for a spectrogram by 
placing the portion selected over a “‘pin- 
hole’”’ in the screen center, which served 
as the source for the spectrograph. A 
mereury-vapor discharge tube was 
mounted just forward of the sereen and 
could be moved into position over the 
pinhole to provide a calibrating ex- 
posure 

The water system is detailed in Fig. 
2. lver-oceurring transients in supply 
pressure were filtered by the air chamber 
shown above the pressure gage. From 
the filter the water passed through the 
two control valves on the thermometer 
stand, through the two input thermom- 
eter wells, into the torch and the block, 
to the output wells and finally through 
the flowmeters on the right 

Regulator, torch, block and plug, 
projection lens and a miniature spot- 
light are depicted in Fig. 3. Electrical 
connection to the block was by means of 
a clamp to the inlet water copper tube, 
seen below the steel stand. The exact 
surface position of the anode on the pro- 
jection sereen could be found by touch- 
ing a sharp point to the plug surface 
and employing the spotlight. When 
in operation, the are obseured the anode 
surface, and it was thus located prior 
to are initiation. 

A check run on a known heat source 
indicated a system accuracy of five per- 
cent. Under conditions later described, 
all results derived from the are were re- 
producible to within six percent. Re- 
producibility is a doubtful quality where 
the are is concerned and thus the in- 
compatibility of the above percentages, 


Technique 

The gas flow was first started. Al- 
though the flow rate has a marked effect 
upon the arc behavior and although 
rates both higher and lower would have 
been satisfactory, a standard flow of 15 
efh of helium or argon was used. 


Fig. 2. The water cooling system 
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The are was then started by closing 
the generator contactor and momen- 
tarily applying the high-frequency volt- 
age, the latter being a decided conven- 
ience rather than a necessity. Care was 
exercised to make the are burn sym- 
metrically from the cathode since the 
resultant tip shape is important not only 
in achieving reproducibility but also 
constitutes an intimate factor in the arc 
mechanism. 

Data were taken while progressing 
from the lower range of separation and 
current and working toward the higher. 
At each setting of current and separation 
adequate time was allowed for the are 
system to come to equilibrium although 
intermediate values of data were re- 
corded so that the factors having to do 
with equilibrium could be evaluated. 
From five to ten minutes was required 
to achieve equilibrium and thus a com- 
plete set of data took many hours to 
obtain. It was absolutely essential 
that any one run be an entirety so that 
the data would faithfully represent the 
configuration under test. (equilibrium 
here refers to a steady flow state and 
not to thermodynamic equilibrium.) 

Values of power evolved at the anode 
are termed anode watts on the figures 
and represent the total power trans- 
ferred to the anode by the are. How- 
ever, cathode watts is not the total 
power evolved at the cathode but the 
values given in the figures are corrected 
for losses originating in the torch from 
the collet grip point on the electrode to 
the water-cooled termination. 
Thus cathode watts is the power ab- 
sorbed by the cooling water at the cath- 
ode electrode itself. All voltages are 
corrected for the drop in the torch body 
Power is computed in this 
manner; power (Tuo — Ty.) * 4.19 
joules/calorie * flow rate. Power, for 
the electrode considered, is in watts. 
(Tour To) is the corrected temperature 
differential of the cooling water in de- 
grees centigrade. Flow rate is the read- 
ing of the appropriate flowmeter in 
cubic centimeters/second. 


cable 


and leads. 


Variations 

Comparative runs were made using 
helium instead of argon as the shield 
gas. The shielding is so perfect and 
the gases so pure that if a small per- 
centage of another gas is desired in a 
particular weld situation it must be 
premixed in the cylinder prior to use. 

The diameter of the tungsten cathode 
was varied to evaluate the effect upon 
the are of the heat conduction and gen- 
eration within the electrode. Nickel 
was substituted for the copper plug as 
an anode to verify a hypothesis concern- 
ing the transferral of power to the anode 
and the independence of the are mech- 
anism of the anode metal. 


Anode Phenomena 

The total energy, kinetic and poten- 
tial, of an electron striking the anode ts 
transferred to the anode metal. Thus 
power is transferred to the anode in an 
electric are by virtue of the two com- 
ponents of the inpinging electrons 
energy; one portion is the thermal ki- 
netic energy corresponding to electron 
temperature and the other is the poten- 
tial energy of the electrons. 

Two metals of differing work func- 
tions, when brought into contact at a 
junction where thermal equilibrium 
exists, will have an electron flow be- 
tween them until their Fermi levels 
coincide, High-energy electrons will 
cross the contact boundary into the 
higher work function metal from the 
lower work function metal. This flow 
continues until there are enough higher 
energy electrons in the high work func- 
tion metal so that no electron in either 
metal can, by crossing the boundary, 
find a quantum level lower than its 
present one (Reference 17, p. 253). The 
flow of electrons is not sufficient to 
change the absolute density of the elec- 
trons in the metals and therefore does 
not alter the values of Z,,, which is a 
function of electron density, but it does 
vary the electrical potential of the metals 
The fact that 2, is different for each 
metal is responsible for the contact po- 


Fig. 3. Gas regulator, torch, and anode assembly 
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tential between exposed faces of metals 
in contact Jecause the Fermi levels 
will all coincide 
will not affect the value of contact po 
tential between the end metals 

What bearing does the static situa 
tion described above have upon the 


The anode plays no part 


intermediate metals 


electric arc? 
in the arc mechanism except to serve 
as the positive electrode, and there is no 
reason why the arc mechanism should 
vary with a change in the anode materia! 
Electrons which constitute the current 
flow must travel through the external 
circuit, into the cathode where they are 
emitted or neutralized, through the dis 
charge where they are continually sub- 
ject to the processes of 1onization and 
recombination, and finally into the 
anode and external circuit 

very electron active in the discharge 
between the electrodes must have a po- 
tential energy equal to its kinetic energ) 
as a free conduction electron in the ex 
ternal circuit. Assuming that, since 
the cathode is the seat of the all-im- 
portant are phenomena, the potential 
energy under consideration is the elec 
tron-volt equivalent of the cathode work 
function, then the energ\ 
which every electron possesses Upon ar- 


potential 


riving at the anode is the value of F, for 
the cathode 

If the anode metal has a higher work 
function than the cathode metal, then 
the external circuit must furnish a com 
ponent of voltage which will decreas 
the potential energy requirement at the 
anode surface to that of the cathode 
work function. This voltage serves to 
depress the Fermi level of the anode be 
low that of the cathode so that the sur 
face barriers are equal in height, thereby) 
allowing the lower energy cathode re 
gion electrons to satisfy the potential re 
quirements at the anode. With the 
are in operation the anode is as many 
volts above the cathode in potential as 
is read on an electromagnetic voltmeter 
But the potential difference indicated 
by the meter is that of the Fermi levels 
the arc potential difference is the volt 
age read less the difference of the elec- 
trode work functions 

Consider now the situation opposite 
to the one just described where the anode 
work function is less than that of the 
To satisfy constant cathode 
potential cathode 
Fermi level will be depressed, and thus 


cathode 
requirements the 


the electromagnetically measured volt 
age across the arc will be less than that 
which actually The power 
source does not supply all the power 


appears 


needed by the arc, since the potential 
energy of the cathode electrons is in ex- 
cess of that required when they arrive 
at the anode. This energ. 
as kinetic energy throughout the dis 
charge, and thus the source need supply 
less power than in the previous case 


Therefore, the power evolved at the 
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ARC 


CATHODE warts 


O\AMETERS 
3/32" 


LTAGE 3mm 
SEPARATION 


i 


125 


AMPERES 


Fig. 4 Effect of cathode diameter on arc characteristics 


anode of an are due to the incoming elec 
trons is independent of the anode mate 


rial 


Table |—Work Functions 


Ther Photo 


M etal miont electri Heference 


opper 


Nickel 


Tungst« n 


the hypothesis that the 
power evolved at the anode in an are 1s 
ince pendent of the anode work function, 


To verify 


a critical experiment Was performed 
using a nickel insert press fitted into the 
original copper plug. A small insert 
3/, in. in diameter was used instead of 
an entire plug to obviate errors intro 
duced by the 
conductivities of the nickel 


chosen because of ite 


low thermal and electrical 
Copper 
was originalls 
in this regard, and 
the copper plug easil withstood a 300 
thout surface destruc 


excellent prope rt 


argon are 
tion of consequence Keven at low cur 
rents, the nickel melted in a small area 


not because its melting point is lower 
than that of copper but due to its low 
thermal conductivity The 


created a raised surface which invali 


meiting 


dated small separation data As can be 
seen from Table |, the work function of 
nickel is different from that of copper 
which when multiplied 
value would result in 
difference, if one ex- 
the experimental 


by an amount 
by a high current 
an “anode watt 
isted, detectable by 
apparatus 

From a survey of the data in Table 2 
in estimate of both the experimental 
pccurma and the are reproducibility 
may be obtamed Within both these 
limitations the results are that the power 
delivered to the anode is independent of 
Although the nickel 
are burned at voltages higher than the 
in amount approximately 


the anoce metal 


copper are 
equal to the work function difference of 
the metals, « pits the apparent INncrense 

for the nickel anode are, none 


of the increase was reflected at the anode 


Cathode Phenomena 
Tungsten was chosen for a cathode 
in these experiments not only because it 
is the material used in actual welding 
hut because its extremely high melting 
point would permit copious thermionic 
currents without 
The melt 


temperatures of tungsten 


emission and hea 
marked attrition of the tip 
H970 K, respectively, are 

metals.” Yet it is 

inder certam con- 

ditions the electron emission from the 


tungsten ceathor limited 


Table 2—Comparative Test—3 mm Separation 


Nickel 
node walls 
415 
595 
780 
000 


Copper, Run 


Copper, 2 
Anode watl | Anode watts 
10) 391 
10 5 
790 10.7 790 
950 11.1 945 
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ARC VOLTAGE 3mm. SEPARATION 
“ 
200 
4 / 
= / 
: 
= 
I 
4 
oo 25 50 75 100 150 75 200 
2 
5.03 2 : 
5 24 5 05-5 20 
5 22 
Amperes V i) 
50 11 6 11.0 
75 115 10 6 
; 100 11.3 10 7 
120 11.8 11.0 


Figure 4 illustrates the marked effect 
of a variation in cathode diameter. 
The are including the 
negative and positive “resistance” 
ues of the are discharge can be altered 
significantly by varying nothing but 
the cathode diameter. Thus, this same 
characteristic obtained and 
aivantageously studied in the milli- 
current the cathode 
diameter were small enough 


characteristic, 
val- 


could be 


ampere range if 

The heat conduction capabilities, re- 
sistive losses and radius of curvature of 
the tip of the cathode are intimate 
From Fig. 
4 one will note that at 40 amps the are 
voltage is higher for the */» in. electrode 
than for the 0.04-in. electrode despite 
the fact that the resistive drop for the 
former is about '/, that of the latter 
For the */»-in. electrode almost all the 
measured 
are since the voltage drop in this elec- 


factors in the arc operation 


voltage appears across the 
trode may be neglected while several 
volts are lost along the 0.04-in, rod. At 
this current the 0.04-in. electrode is 
molten on the tip and the # 
hardly 


elec- 
incandescent. The 
higher attributable to the 
limited thermionic capabilities and the 
smaller curvature of the larger electrode 


trode is 
voltage is 


as compared to the smaller one 

Any direct attempt to measure the 
cathode resistance destroys the major 
part of the resistance located at the tip. 
The resistance drop may be properly 
included in the total are voltage and the 
accompanying losses considered as a 
part of the are operation 

Although a rough estimate of the 
actual cathode resistance was computed 
from the relative extension observed for 
no further attempt 
made to the 
since this quantity is to be included with 
every other indeterminable factor which 
With the aid of 
42, Table 3 


varying currents 


was mhensure resistance 


concerns the cathode 
the tables in 
was derived, 


(Reference 


Table 3—’,,-in. Tungsten Cathode, Cold Length to Collet Jaw = 


Reatstance 
0 005 
0 0047 
0 0058 
0 0065 
0 0067 


Amperes Extension 
20 0 0076 
0 018 
100 0 O18 
150 0 021 
200 0 0235 


HELIUM GAS 


1716" 


ARC VOLTAGE 


~ 
~ 
~ 


CATHODE WATTS 


~ 
~ 


~ 
=.= 


ARC VOLTAGE 


2am. 
SEPARATION 


0.5 


TUNGSTEN CATHODE 
COPPER ANODE 
HELIUM GAS 

ARGON GAS 


ARC VOLTAGE _ 3am 
SEPARATION 


2 


~ 


25 50 


75 100 
AMPERES 


Fig. 5 Effect of shielding gas on arc characteristics 


required to reach equilibrium at a new 
current setting; anode equilibrium sim- 
ply depended upon the absorption of 


varying quantities of power by the 


26.7 Mm 
Tip T(K) 

33500 

1000 

5900 

6500 

6700 


IR drop 
0.06 
0 25 
0 58 
0 97 
1.3 


Average T 
L800 
2600 
3100 
3400 
3500 


The upper current limit for each elec- 
trode determined when bubbles 
formed at the tip and the are was seen 
the suriace., 


was 


to wander over cathode 


These limits were 


0.04 in 
in 
8/5 in 


SO amp 
120 amp 
200 amp 


As noted under “Experiment,” times 
ranging from five to ten minutes were 


The process of 
equilibrium 


anode plug and block. 
the cathode 
Was responsible for the greater part of 
the time lag, and the times could be ex- 
tended by using a porcelain cup instead 
of the usual metal one. After equilib- 
rium was established, the cathode tip 
resembled that in the first photograph 
of Fig. 6. The second photograph is 
the tip shape immediately after the cur- 
rent was adjusted to that of the first 


establishing 
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picture from a current of lower value, 
and the third shows the tip shape re- 
sulting from a change in current from 
a higher value to the first one. Figure 
7 represents the cathode watts and the 
are voltage as a function of cathode tip 
shape, for constant current. 

The are voltage is dependent upon 
the temperature, shape, and resultant 
electric field at the cathode. 
rium cannot be quickly established un- 
less definite sinks are supplied for the 
electrode power. Are 
such as reported’®~ are not indicative 
of the configuration used because no 
sinks were provided, and the experi- 
ments were short time, and in one case, 
instantaneous 

The power absorbed by the water at 
the cathode, called “cathode watts” can 
only be used to determine equilibrium 
and to set an upper limit for the [’R 
loss in the electrode. Others working 
to evaluate thermionic emission 
stants found that long time variations 
in emission accompanied current changes 
in the test cathode. 


equilib- 


characteristics, 


con- 
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25 
20 
— 
| 
| 
os 
4 
CATHODE WATTS 
100 5 
CATHODE WATTS 


In Fig. 4, note that the total are volt- 
ages tor the two electrode diameters 
coincide at a current where the ‘cathode 
watts” curves intersect All the elec 
trode sizes have an intersection current 


“ hen ompared these are 


in 
42 in 


0.04 in oO amp 


Because other than the 


cathode diameter was maintained con- 


everything 


stant for the tests represented by the 
figures mentioned, these intersections 
must be more than mere coincidence 
When the power absorbed by the water 
at the cathode is identical for two elec- 
the total 


are voltage is the same for the same 


trodes, different in diameter 


separation. This in spite of the fact 
that the voltage actually appearing be- 
tween the electrode surfaces, the heat 
conduction ability of the cathode, the 
radiation, the numbers of electrons 
emitted and of the ions impinging and 
the conduction to the gas are all differ- 
ent 

When a certain power is absorbed by 
the cathode sink at a given separation 
from the “cathode region the current 
through the are and the total power in- 
put to the are will be identical regardless 
of cathode diameter 


Mot mn of the 


the cathode surface has been observed 


“cathode spot’ over 


by many, particularly for the lower boil 
ing point metals such as copper. Some 
have attempted to arrest this motion 
by pointing the cathode or employing 
magnetic fields in order to improve the 
data.“ This 


motion occurs on a tungsten cathode 


reproducibility of their 


when its surface reaches the boiling 
temperature so the phenomenon is not 
limited to the low-boiling point metals 

When the cathode spot wanders, it 
was observed that the are characteristic 
has already assumed a positive slope 
If the are operates in a column whose 
cross-sectional area is on the order of 
0.1 mm, then at a current corresponding 
to the boiling point of the cathode tip 
all the electrons are emitted into the 
discharges that are available from that 
area. The electron current must be 
limited for all higher values of are cur 
rent. Sputtering of the cathode is pro- 
nounced when it boils, and the authors 
believe that the spot wanders because 
the are strips a small area not only of 
electrons but also of material so that a 
subsurface layer at lower temperature 
is exposed. This layer is not capable 
of the required emission and thus the 
spot moves on to anchor elsewhere for 
a short time. Wandering of the cath- 
ode spot aiso has been observed at lower 
currents where some believe thermionic 
emission has not started. An explana- 
tion of this action might be that ther- 
mionic emission does start with a re- 
sultant fall in the total are voltage be- 


Maren 1956 


cause of the more plentiful supply of 
electrons. Since the current is low, the 
cathode will not have stored up ene ugh 
heat, and the thermionic emission at the 
active spot will decrease when less power 
is delivered by the fewer incoming 


The discharge will then revert to its 


1Ons 


former state and seek a new anchoring 
spot which is at a higher temperature 
than the spot just vacated 

What happens when copper is used 
as a cathode? Apparently thermionic 
emission is limited by the low tempera 
tures available, poor heat storage of the 
metal, and small heat generation due to 
resistive losse Asa result, a high volt- 
age is required to supply the necessary 
anode electrons by means of increased 
ionization. If the source can supply 
this voltage, then the copper is quickly 
raised locally to its 
the cathode spot w 


When the 
if it is an infinite nk, then the initiation 


boiling point and 
| wander 


ithode is ol large size, or 


and subseq ur nt maintenance of a thet 
mionu impossible 
Thus 
achieved b pointing the cathode 
The electric field intensity is 
and the heat tran ibility is limited 
thereby cathode tip to 
reach the requisite temperature To 
test this, a al cathode was pointed 
sharply and it was 


prove 
tabilits can be 


14 


Inere ised 


allowing 


found to operate 
successfully at 30 imp or less, a current 
much lower than that required for stable 

rounded 
light! the 
tip easily boiled and bright pieces of 


he ould 


he seen to condense on the cathode at a 


operation when naturally 


Upon raising the current 


tungsten were shot out 


relativel' cold portion of the electrode 
behind the active tip The 


in the form of jagged spires 


tungsten 
condense 
Although this effect is 
in argon, it was thought to be restricted 


easily obtained 


to the higher oltage helium are and 
that the deposited material originated 
at the anode, which of course it does 
not 

Apparently the 
acquires a charge upon leaving the 


sputtered tungsten 


cathode, and the held turns the parti les 
back tow urd the ithoce 
ing why especia | ut 


thus explain 
irrents lower 
than those which produce boiling, no 
tungsten is present in the discharge 
The electrodes 


to assume a tip a} ip 


in this test were allowed 
iis shown in the 
figures, which at equilibrium must be 
such as to satisfy the resultant of sur- 
face tension, gravit and field forces 
Then the electrodes gave results indica 
tive of their individual diameters, and 
the artificiality of prepointing which 
obscured the desired effect, 


was not emplo ed 


would hat 


Arc Mechanism 
The purpose here ia not to detail the 
charges 


fundamental Processes of di 


such as ionization, excitation, recombina 
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itenance since @X- 

lischarge theory 

are to be ftound nh many books and 
ever-changing, 
as witness the failure of the Townsend 


papers Theor ire 


Spark Breakdown in certain instances 
development ol 
streamer theor Current information 


and the subsequent 


and numerous references will be found 
in Meek and Craggs" and Dow." This 
portion of the paper is devoted to an 
explanation of the characteristics of this 
particular electri ire: based upon eX- 
perimental data 

When considering the are and its 
gaseous column, it is important to real- 
ize that a steady flow 
does no imp! thermal equilibrium 
flowing at all times from the 


equilibrium state 


herg 
are to ite cool 
trode ind into the flowing shield gas 


roundings at the elec- 


Of course this ener flow is aecompa- 
nied by atemperaturegradientand under 
equilibrium conditions a temperature 
difference cannot exist. Certain atomic 


processes are, however, approximated 


close] when the occur in stead y-flow 
situations, by relations derived for strict 
thermodynamic equilibrium 

Che perfect gas laws assume that the 
partici no lorces 
other exe 
at sufhes 


one an 
lisions oceur, and 
temperatures and 
y tend toward “per- 


Althoug the 


between the charved particles of an 


low densi i 
fection interactions 
ionized gas produce deviations from 
the perfect ga ‘ the corrections 
amount to on percent, and thus 
the important onships of statistical 


ud intageously 


the primary means 

itter in ite gaseous 

distribution and 

party lensities of electric 

in be « mined with the aid of 
quantitative spectroscopic data, These 
exacting analyse however, are made 
onfiguration and do 
not generally apply, but the results ob- 
tained are of interest to the field of high- 
Herewith will 


be presented a gross mechanism which 


particular are 


temperature pl 


may well fit all thermionic emission ares 


All the essential are processes are in- 


cluded in the region which involves not 
the gas adjacent to the cathode 
cathode electrode itself. This 
cathode region responsible for the 
production of the total electron current 
it the anode, and once the region is fully 
its losses are fixed, The 
reader can arrive at the same conclusion 
by noting, in Figs. 4 and 5 that eathode 
watts is 
was previous remarked cathode watts 
ed at the cathode, 


ication of cathode 


cle eloped 


independent of separation, As 
s not the power ¢ 
hen the cathode is. sep- 


the cathode 


ty accompanies the 
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Ags 
60 amp 
SO amp 
© 
region in its entire 


1 at equilibrium 
voltage 


Fig. 6 Cathode tip shape 


cathode, and a plasma is created to fill 
the gap. An important exception to 
these statements occurs when the separa- 
tion is 80 small that the anode enters 
the cathode region and thereby intro- 
duces to that region an additional loss. 
Those familiar with probe theory will 
recognize this action as being the same 
as the reaction of any discharge to the 
insertion of a probe, On closing the 
separation at a constant current the are 
voltage reaches a minimum and then 
rises to supply the additional losses de- 
manded by the anode intrusion (Fig. 
8). Thus the traditional procedure 
of extrapolating the voltage-separation 
curves in Fig. 8 to the voltage axis does 
not give the correct are voltage for small 
separation..." * 

When fully established, the cathode 
region of an electric arc is independent 
of separation. Once the separation has 
progressed to a value larger than the 
“minimum” and the anode no longer 
affects the cathode region, a plasma 
region is created to fill the gap. Since 


warts 


CATHODE 


CATHODE warts 
5 
> 
/m 
4 a 
/ 
o 
4 


ARC VOLTAGE 


Fig. 7 Representation of cathode 
watts as a function of arc voltage while 
equilibrium is being obtained. (Roman 
numerals refer to cathode shapes in 
Fig. 6) 
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i voltage greater than equilibrium Il voltage less thon equilibrium 


voltage 


the plasma need only supply the elec- 
trons lost from the cathode region while 
traversing the gap to the anode, its 
temperatures are much lower than those 
of the cathode region and a small volt- 
age gradient appears in it. Thus, the 
greater part of the measured are voltage, 
for small separations at least, is developed 
across the cathode region. An excellent 
discussion of plasma energy require- 
ments, equilibrium and cross section 
can be found in Dow.” 
tential gradient is just large enough to 
cause a power introduction into the 
plasma sufficient to raise the gas tem- 
perature to a point where there will be 
enough ionizing collisions to replace the 
charged particles lost at the plasma 
lateral boundaries. At a certain value 
of plasma diameter the losses are mini- 
mum; when the diameter is less, losses 
are more because of an increase in dif- 
fusion, and for larger diameter, losses 
increase because more area is available 
for thermal conduction (Reference 13, 
p. 377). Detailed consideration of are 
diameter must include the constricting 
action of the charged particles when 
they represent parallel strands of cur- 
rent. 

To illustrate the use of the figures, a 
complete rundown on a particular situa- 
tion is presented, based on the data 
given in Fig. 4. The total are voltage 
is that read by an electromagnetic volt- 
meter and is not a corrected voltage to 
take into account the electrode work 
functions as explained under ‘Anode 
Phenomena.’ 
only alter the values of the total power 
and the undistributed power loss in the 
cathode region; it would constitute an 
additive (or subtractive) correction. 
Since the values of the electrode work 
functions are only known (approxi- 
mately) at temperatures below melting, 
then the actual voltage between the 
electrodes cannot be computed for the 
are because the cathode is nearly always 
molten if not boiling. The numbers 
shown in the analysis of Fig. 9 are ob- 
tained directly from the data curves. 
Figure 9 is the key to the whole mech- 


The plasma po- 


Such a correction would 
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anism. At the top of the page, the 
cathode and anode of the are are shown 
at the “minimum” separation, 0.5 mm. 
The total measured are voltage and the 
total are input power are then expended 
in the cathode region, which includes 
the cathode electrode. Experimentally, 
it is found that 380 w of the total 570 w 
are evolved at the anode by means of 
the processes previously discussed; a 
known 98 w are absorbed by the cath- 
ode water. Therefore, 92 w are the 
unaccounted cathode region losses, and 
a portion of these 92 w is expended in 
ionizing the gas, the remainder being 
losses to the surrounding gas by ther- 
mal conduction and radiation. In the 
second diagram on Fig. 9, the separation 
has been doubled, thus introducing a 
plasma region. The cathode region re 
mains a8 before, but the increase in are 
voltage, 0.4 v, appears across the plasma. 
Power consumption in the plasma is then 
0.4 60 =25w. Of these 25 w, 20 are 
found as an increase of power evolved 
at the anode, and the rest are the plasma 
losses. The last two diagrams illus- 
trate the same trends. 

Although it may appear that the 
plasma temperature increases without 
limit, the reader will note that the pro- 
portion of plasma power delivered to the 
anode decreases as the separation grows 
larger, indicating that the plasma losses 
rise rapidly as it lengthens. The values 
on Fig. 9 are only approximate, but they 
fall well within the range given by ex- 
perimental error. According to the 
figure, the real cathode region length is 
not 0.5 mm but 0.4 mm, as the following 
proportion indicates 


0 6 mm + 1 6 mm 26mm 


25 w 65 w 110 w 

In the first diagram of Fig. 9, then, some 
plasma exists, and the minimum separa- 
tion is closely 0.4 mm. 

Figure 8 shows that the minimum 
voltage for lower currents is less pro- 
nounced than for higher ones, probably 
because losses introduced by the inser 
tion of the anode into the cathode re- 
gion are proportionately less; a further 
inspection of this figure will indicate 
that the higher current ares have pro- 
portionately more losses with increase 
of separation than the lower current 
arcs as evidenced by the curve intersec- 
tions. This effect is also shown in Pig 
4. Note that the volt-ampere curves 
in these figures are essentially parallel at 
low currents and that they separate at 
higher currents, the larger separation 
curves upturning before the smal! 
separation curves. Therefore, plasma 
losses are one of the factors which shape 
the are characteristic, and since the 
eathode region remains constant at a 


given current, the plasma losses domi- 
nate the are operation at large separa- 
tions. 
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A comparison of the curves for anode trode melts and then boils? It must be 


watts in Fig. 10 shows that the power Table 4 that the emission becomes limited once 


transferred to the anode is dependent Aveon 6 in tuneeste wain, and the voltage rises on a positive 
only upon the current and the separa 1M Of course other factors are in- 
tion. This implies that the plasma Flou ved lhe cathode surface condition 
temperature at the anode surface cde- the predominant one, The cathode 
pends onl upon the current and separa region produce sufficient charges to 
tion, and is independent of the cathode ps upply the anode electronic current and 

diameter and the accompanying ar 1h 9 44 O44 ann ae to accommodate its losses. If the sepa 
voltage. For example at 75 amp and ration is more than the minimum, then 
3 mm separation i plasma region, Which constitutes a 
onduction path only is formed, Since 
the cathode a balance is obtained be Dawe is lost and charges diffused out, 
Electrode Anode Total tre tween the emitted electrons and the in iiditional power must be supplied to 
dian walls power voltage coming ions. Evidently this balances the plasma to retain the total electron 
0 O4in 586 50 12 0 is one of those factors in the are which unode current. Every process within 
580 10 6 determines the voltage appearing across the ive sommust have a= limitation. At 
4/5 in 600 700) 10 5 the are for a given current flow. Com high currents, then, the are becomes a 
pare two ¢ ithode diameters for the linear cireuit element of positive resist 

same current, as in Fig. 4. The smaller 

f When in this experiment the flow rate one is at a higher temperature and can Phu vithin the are are numerous 
of the shield gas was varied, different emit more electrons than the larger factors interacting in a most intricate 
are characteristics were obtained, neces electrode Therefore, the current of vay to achieve the final balance that is 
sitating a choice of a standard flow rate the larger cathode ts composed of more indicated on ammeter and voltmeter. 
as previously explained The gas cools ions than that of the smaller electrode Those who have attempted to write 
the electrodes and the discharge gas The larger electrode are voltage is higher equations for are characteristics have 
electrode—copper anode, 100) amp than the smaller electrode arc voltage failed to produce a relation whieh covers 
2-mm separation column and thus the because more electrons must be supplied the entire range of operation o1 which 
quantity flowing determines how much by ionization in the former situation has any bearing on the particular con- 
powel the gas removes As is to be ex- than in the latter figuration used.” " If an equation 
pected, an increased flow at constant Thus. the cathode emission possibilt- ould be found, it would refer only to a 
current will result in a higher are volt ties play a most important role in shap certain are and would not be of general 
age, as can be seen from Table 4 ing the are characteristic At the low ipplication. All one need do to alter 

lons charged singly and perhaps currents a higher voltage is necessary the are characteristics would be to 
doubly are impinging at the cathode to effect the requisite tonization As change the component materials, or 
surface. Their arrival rates depend the current increases and the cathode merely to vary the cathode diameter or 
upon their temperature and the active temperature increases, more thermiont shape or length, change the cooling at 
cathode area. But the total external electrons are available and the voltage the electrode supports, or change the gas 
circuit current is electronic, while at drops What happens when the eles flow rate 
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Fig. 10 Results of the measurement of anode watts for various separations 


cathode diameters, and arc currents 


Applications to Welding 


Metals and alloys that are welded by 
means of the are described in this paper 
are stainless steel, brass alloys, silicon 
and dioxidized copper, silver, cast iron, 
low- and high-carbon steels, and nickel. 
The inert-gas-shielded are produces a 
weld which sometimes needs no finish- 
ing. 

If the weld efficiency were defined as 
the ratio of the power supplied to the 
are to the power delivered to the work- 
piece, then for all practical purposes the 
efficiency remains constant, independ- 
ent of separation. The efficiency has a 
value of approximately 74% for argon 
shielding and 85% for helium shielding. 
The total power input to a helium are is 
twice that for a comparable argon arc 
and the power to the anode is propor- 
tionately more than double that of the 
argon arc. One of the main objections 
to the helium are is its relative sensitiv- 
ity to separation variations, making 
hand welding difficult. 


An automatic welding procedure might 
well utilize the minimum separation if 
maximum economy is desired. The 
melting rate of the workpiece is, for a 
given current, dependent only upon the 
thickness of the metal and its thermal 
conductivity, while the are delivers the 
same power to the work regardless of the 
work metal. 

If the weld is to have no tungsten in- 
clusions, the maximum current for each 
electrode size must be carefully 
tained so that the electrode will suffer 
no attrition due to boiling and sputter- 
ing. 
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